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Foreword 
 
The 6th International Conference on Axiomatic Design (ICAD) is being held at KAIST in March 
2011 while Japan is battling the most serious accidents ever encountered at its four nuclear 
power plants in Fukushima. This failure of man-made artifacts was triggered by two 
unprecedented natural disasters – the massive magnitude 9.0 earthquake and the resulting 10m 
high tsunami near Sendai, Japan. The problems that led to these failures have been attributed 
to cascading failures of three different preventative measures that were designed to control the 
temperature rise in the nuclear reactors, which later led to the release of radioactive materials. 
To an axiomatic design (AD) theorist, this failure of a man-made system raises many design-
related questions such as a possible coupling of the functional requirements (FRs), which might 
have led to the uncontrollable events. In hindsight, it is clear that they should have designed a 
safer nuclear power plant, considering all failure modes. This major catastrophe - as well as the 
Bhopal disaster in 1984 and the Chernobyl accident in 1986 – is a reminder that we must do a 
better job in designing complex systems using design theories and rational design practices.  
 
Design research is done to achieve the following design-related goals more effectively: 
identification of the right set of “customer needs”, establishment of a right set of FRs and design 
parameters (DPs) for the final product, conceptualization of creative solutions, satisfaction of the 
established FRs through proper decomposition and choice of DPs, 100% reliability, low cost of 
product development, low manufacturing cost, long-term reliability, recycling of materials, and 
minimization of the life cycle cost. These diverse design goals cannot be fulfilled without a 
fundamental understanding of design theory. The systems we deal with in the field of design are 
extremely diverse, ranging from mechanical, communications, electrical, transportation, 
chemical, biological, and many other systems. Fortunately, all of these systems are similar from 
the design perspective. They all involve the following key concepts: definition of “needs”, the 
existence of the four domains, FRs, DPs, constraints, the need to satisfy the two axioms of AD, 
and the ability to develop design matrices. Field specific knowledge needed to deal with these 
diverse systems can be acquired through either personal study or collaboration with others who 
have this knowledge. We hope that this 6th ICAD will provide an opportunity to share design 
knowledge that spans these diverse systems. 
 
Design research must be done to help engineers to be more creative and generate design 
concepts that are rational, safe, reliable, creative, and competitive. Research is also needed to 
minimize the time and effort required in developing new products. The idea that product 
development has to be iterative is the primary reason why it takes so long and costs so much to 
produce a new product. We should do away with this idea. Iteration is needed when systems 
are designed empirically without establishing FRs explicitly and without checking the coupling of 
FRs throughout the decomposition process. The fact that the final design at all levels of the 
design hierarchy must be either uncoupled or decoupled is not systematically checked in most 
companies during and after the design process. This situation is unfortunate, since it is relatively 
easy to correct design mistakes during the design process. We need to delve deeply into many 
theoretical and practical issues through research so as to make the design field and the design 
process more reliable and systematic to create new products that have not been conceived in 
the past.  
 
We need to educate designers, engineers, and scientists to be “bi-modal thinkers”, who can 
function in the field of both analysis and synthesis. At KAIST, we teach AD and other design 
theories to all freshmen as a required subject in order to educate people who are proficient in 
both analysis and synthesis. This Freshman Design Course (FDC) has had a major impact on 



the education of KAIST students. Professor M. K. Thompson and Professor Taesik Lee have 
jointly initiated this course. Since then, Professor Thompson has taught over 3,000 freshmen 
during past four years, which has had a major impact on our students and educational process. 
We have now extended the concept of the FDC by creating the Renaissance Ph.D. Program, 
which involves two-years of system design followed by three years of analysis and optimization 
of designs created at the beginning of the program. We hope that some of the deliberations of 
this ICAD will address these educational issues as well as research issues.  
 
This conference was organized primarily by Professor Kate Thompson with the support of the 
members of the Organizing Committee and the International Scientific Committee. I would like 
to thank her for her effort and leadership in making the 2011 Sixth ICAD a reality. If this 
conference can prevent another disaster similar to the one now devastating Japan and the 
globe, the effort and hard work done by the organizers this conference would be richly rewarded.  
 
 
 
 
 
Nam P. Suh 
March 20, 2011 
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ABSTRACT 
One of  the most essential and unique features of  the 

Axiomatic Design Theory is its clear differentiation between 
the "what" and "how" decisions. This delineation sets the 
origin for realization and specialization procedures, and, along 
with the domain and layer concepts respectively, constitutes a 
unique two-dimensional design framework. Based on formal 
logic studies, this paper presents a theoretical underpinning to 
elucidate the fundamental reasons for delineating “what” from 
“how” decisions, hence providing guidance to justify and 
execute the mapping and decomposition operations 
prescribed by the Axiomatic Design Theory. This logic-based 
foundation also establishes a synthesis reasoning framework 
which can be seen as a theoretical generalization of  the 
Axiomatic Design Theory to better support design synthesis. 

Keywords: Axiomatic Design, synthesis, logic. 

1 INTRODUCTION 
Compared with other design approaches, one of  the 

most essential and unique features of  the Axiomatic Design 
(AD) theory is its clear differentiation between the "what" and 
"how" design decisions.  However, due to the lack of  a 
theoretical foundation, the important “what to how” mapping 
prescribed by the AD theory causes much confusion and 
many difficulties when applied to the design practice, 
especially when used as a synthesis reasoning tool. As a 
consequence of  such difficulty, designers often fail to take 
advantage of  the power of  the AD theory during the 
synthesis phase of  design to create new options. Instead, 
many designers limit the usage of  the theory to the evaluation 
phase and the analysis of  already generated options. Based on 
formal logic studies, this paper presents a theoretical 
underpinning to explain the fundamental reasons for clearly 
delineating “what” from “how” decisions, and provides 
justification and guidance to mapping and decomposition 
operations prescribed by the AD Theory. 

In this paper, we first discuss the importance of  
searching for theoretical foundations to support the 
differentiation between “what” and “how” decisions. We then 
present some basic concepts from formal logic which are 
relevant to the two-dimensional decision framework of  the 
AD theory. Next, we explain how these logic-based concepts 
can be used to distinguish and guide the mapping and 
decomposition operations in AD. We also expand this logic 

foundation to build a generic synthesis reasoning framework. 
This framework can be seen as a generalization and used as a 
complement of  the AD theory in order to deepen its 
theoretical significance and broaden its practical impact in 
design. Finally, we summarize lessons learned and draw some 
conclusions to guide future research. 

2 WHY DIFFERENTIATE BETWEEN “WHAT” AND 
“HOW” DECISIONS IN DESIGN? 

Generally speaking, three different approaches have been 
developed in the engineering design research community to 
date: algorithm-based, decision-based, and axiom-based 
design. The algorithm-based approach [Pahl and Beitz, 1996] 
relies mostly on descriptive studies of  engineering practices to 
structure design procedures and proscribe detailed steps for 
the designer to follow. This approach is easier to adapt in 
design practice, but lacks a theoretical basis for objective 
validations. The second type is exemplified by the Decision-
Based Design (DBD) approach [Hazelrigg, 1998], which is 
derived directly from classical decision science and rational 
decision theory. Although this approach has sound theoretical 
foundations, it is often limited by its real world applicability. 
Lastly, the axiom-based approach, which is best represented 
by the Axiomatic Design Theory proposed by Nam P. Suh 
[Suh, 1990], tries to "strike a balance" between theory and 
practice by proposing a few “axioms” derived from good 
design practices and stating them as “fundamental truths” in 
building the design theory. Many further research and 
development efforts have been devoted to improve the 
applicability and effectiveness of  the AD theory in 
engineering design [Nordlund et al., 1996; Suh, 2001].  

To put it concisely, the AD theory can be best 
summarized and understood by the following concepts:  
1. A two-dimensional design framework that consists of  

the notion of  “domains” to categorize different types 
of  design decisions and “layers” to capture their 
different abstraction levels, 

2. An iterative zigzagging design process that alternates 
between pairs of  two adjacent domains while 
decomposing higher-level abstract decisions into lower-
level detailed ones across layers, and 

3. Two generic design axioms, namely the Independence 
Axiom and the Information Axiom, which guide the 
comparison and selection of  good design decisions. 

One of  the most essential concepts of  the AD theory is 
the two-dimensional decision framework. When using the 
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theory, the designer can generate as many layers as practically 
allowed, but the “domain” is limited to only four types: (1) the 
Customer Need (CN) domain, (2) the Functional Requirement 
(FR) domain, (3) the Design Parameter (DP) domain, and (4) 
the Process Variable (PV) domain. The zigzagging design 
process consists of  repeatedly making decisions across 
domains from upstream CNs to downstream PVs, and, at the 
same time, making decisions across layers from higher abstract 
to lower detail levels. At each decision point during this 
zigzagging process, the Independence Axiom is used to guide 
the creation and characterization of  multiple design concepts 
(decision alternatives or options) into three categories: 
uncoupled, decoupled, and coupled; and then the Information 
Axiom is employed to compare all created design options to 
select the "least risky" concept (in terms of  its possible 
physical implementation) as the final design decision, which 
will be carried onto the next decision point in the process.  

When comparing the AD theory with other design 
theories and approaches, it is clear that one of  the most 
unique (as well as important and essential) features of  AD is 
its requirement on clearly distinguishing design decisions into 
two different kinds with regards to the notions of  domain and 
layer (hence the 2-D design framework). The former is called 
a “mapping” operation from “what” to “how” across two 
neighboring domains, and the latter is called a “decomposition” 
operation from “what to what” (or “how to how”) across two 
adjacent layers. Because there are four distinctive design 
domains, the designer must create four separate decision 
hierarchies simultaneously when using the AD theory in 
design practice. This 2-D “mapping-decomposition” (or 
“what-how”) framework is in sharp contrast with other 
approaches, such as the analytical hierarchical process (AHP) 
[Saaty, 1990], which focuses on decomposing an abstract 
decision at higher layer repeatedly into more detailed layers 
along the same direction to create a single hierarchy.  Table 1 
compares the key differences between the traditional AHP 
procedure and the AD theory. 

Table 1. Comparison between the AHP and AD theory. 
 

 AHP Process AD Theory
Decision 
Framework 

Repeated one-
dimensional 
decomposition 
from “abstract to 
detail” 

Repeated 2-D mapping 
from “what to how” 
and decomposition 
from “abstract to 
detail”  

Decision 
Process 

Fish-bone like 
decision-tree 
diagram (leads to 
a single hierarchy) 

Alternate zigzagging 
between mapping and 
decomposition (leads 
to four separate 
hierarchies) 

Decision 
Selection 

Traverse all 
decision links to 
aggregate those 
subjectively-
assigned 
influencing factors 
and weights 

Axiom 1 to create and 
characterize multiple 
options, and then 
Axiom 2 to rank-order 
and select the lowest 
risk one 

 
 

Before presenting our research, let’s further explain the 
theoretical significance and important impact of  the answer 
(or the lack thereof) to this question on design research and 
practice at large. Since its inception, the AD theory has 
received much criticism and faced many challenges from the 
research community. From a theoretical point of  view, one of  
the root sources for these disagreements lies in the nature of  
what is (or can be) counted as an “axiom”.  An axiom, 
according to its dictionary definition, is a fundamental 
statement which must be accepted as true but cannot be 
derived from other known theories or accepted laws. 
Although the history of  science reveals that axioms have 
played a critical role in the pursuit of  many scientific studies, 
those who always demand analytical “proof ” of  everything 
are not comfortable nor satisfied unless some theoretical 
foundations can be provided to reasonably explain or logically 
derive the statement. Otherwise, they would disprove the 
proposed axiom and reject all of  its derivatives as more-or-less 
a subjective and religious belief. Whether these design axioms 
are objective (which needs some theoretical backing) or 
subjective (which could be biased by individuals’ experiences) 
is, in fact, at the center of  the research debates surrounding 
the AD theory.  

From a practical perspective, the lack of  a theoretical 
underpinning for the design axioms hinders the effective 
teaching, systematic learning, and appropriate use of  the AD 
theory in engineering practice. For example, while it is easy to 
explain and illustrate the difference between a “what” and a 
“how” decision in the classroom, the practitioner is often 
easily confused by the two when using the AD theory in real 
world applications. The confusion becomes worse because an 
upstream “how” must also be viewed as a downstream “what” 
at the same time. The designers are often trapped by the 
bewilderment between mapping and decomposition 
operations, always having difficulties in carrying out the 
zigzagging procedure systematically and resulting in bad mixes 
of  “what” and “how” in their design hierarchies. Such a 
difficulty leads to the fact that the designers often fail to take 
advantage of  the real power of  the AD theory during the 
synthesis phase of  design. For example, the Independence 
Axiom, which can/should be used to synthetically guide the 
creation of  design alternatives that are functionally 
independent of  each other during the synthesis phase, is often 
used merely as a tool to analytically represent and compare the 
types of  dependency among multiple design options (by the 
shape of  the design matrix) during the alternative evaluation 
phase.  This is evident by the fact that the majority of  
reported AD applications to date [Gebala and Suh, 1999; 
Kulak and Kahraman 2005; Suh, 2001a] have been focused on 
the usage of  the two axioms to analyze, evaluate and compare 
feasible design options, rather than to synthesize and generate 
new design ideas. 

In order to settle the debate on whether the design 
axioms should be universally accepted as objective rules or 
simply treated as subjective guidance, we should first examine 
if  there is a theoretical foundation which can explain the 
reason for clearly delineating a “what” from a “how” decision; 
and, if  so, how to use this foundation to guide mapping and 
decomposition operations differently. Because design is 
intrinsically a human activity and good designs are often the 
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result of  systematic reasoning, this foundation is most likely 
to be found in disciplines that study the fundamentals of  
human reasoning. One obvious candidate is formal logic, 
which is the basis for investigating human cognition and 
reasoning. The rest of  this paper describes our research 
efforts in finding such a theoretical foundation for the AD 
theory from formal logic studies.   

It is important to point out that something (such as a 
theory) which has a logic-based explanation does not mean 
that it, by itself, is logical in the strict logic sense. In other 
words, by adapting a logic-based foundation by no means 
suggests that we intend to develop the AD theory as a 
"logical" design theory. In fact, due to the socio-technical 
nature of  engineering design problems, we take the stand that 
a useful design theory can never be strictly based on pure logic; 
but rather it has to be rationally (rather than logically) 
formulated to align with the characteristics of  human 
cognition [Lu, 2009]. This is different from other previous 
research efforts that attempt to approaching design decisions 
based on formal logic [Zeng, 2002]. 

3 RELEVANT EPISTEMOLOGICAL CONCEPTS 
FROM FORMAL LOGIC STUDIES 

Generally speaking, to design something is to 
"synthesize" purposefully from a set of  relatively abstract 
requirements and constraints to generate some tangible plans 
and concrete specifications. During this creation process, the 
designer must perform synthesis reasoning which uses 
abductive logic and domain knowledge to make various 
propositions that transform the state of  the design from 
abstract to detailed. This type of  “propositional knowledge” 
plays an important role in design synthesis reasoning, and its 
scope and nature have been a major focus in the field of  
epistemology. Modern epistemological studies have clearly 
defined two different forms of  propositional knowledge, 
namely “know-that” and “know-how”. In mathematics, for 
example, 2 + 2 = 4 can be either a “knowing-that” knowledge, 
which merely states the fact that the sum of  2 and 2 is 4, or a 
“know-how” knowledge which implies knowing how to add 
any two numbers. That is to say that, if  2 + 2 = 4 is proposed 
only as a “knowing-that” knowledge; then nothing is said 
about 2 + 3 with this particular proposition. Hence, 2 + 3 = 5 
must be affirmed by another separate “knowing-that” 
proposition. On the other hand, if  2 + 2 = 4 is proposed as a 
“knowing-how” knowledge, then the same proposition can 
also lead to the inference of  knowing 2 + 3 = 5, or adding any 
two numbers together, for that fact. Such epistemological 
difference can also be illustrated by the example of  the act of  
balance involved in riding a bicycle. The theoretical knowledge 
involved in maintaining a state of  balance in physics (i.e., 
“knowing-that” knowledge) cannot substitute for the practical 
knowledge of  how to ride a bike (i.e., “knowing-how” 
knowledge).  

Both "knowing-that" and "knowing-how" propositional 
knowledge are needed for synthesis reasoning in design. 
However, they should be used differently and this will lead to 
different dependency relationships in the final design hierarchy. 
This is because, from the formal logic point of  view, 
“knowing-that” and “knowing-how” knowledge play different 
roles in making propositions. In general terms, we can say that 

the “knowing-that” knowledge affirms the facts, whereas the 
“knowledge-how” knowledge asserts the methods (or reasons) 
behind the facts. The logician Immanuel Kant [Kant, 1781] 
used the terms "analytic" and "synthetic" to divide 
propositions into two types. He defines an “analytic 
proposition” as a proposition type whose predicate concept is 
“contained in” its subject concept. For examples, “bachelors 
are unmarried”, “triangles have three sides”, and “forces have 
equal reacting forces” are all analytic propositions; because 
their predicate concepts (i.e., unmarried, three sides, reacting 
forces) are all contained within the definitions of  the subject 
concepts (i.e., bachelors, triangles, forces). Analytic 
propositions use the “knowing-that” knowledge to deductively 
affirm predicates, whose definitions are fully contained within 
that of  the subject. They establish the “part-of ” relationships 
within a single design hierarchy. 

In contrast, a “synthetic proposition” is defined as a 
proposition whose predicate concept is “not contained in” its 
subject concept. For examples, “bachelors are happy”, 
“creatures with hearts have kidneys”, and “powers are 
generated by engines” are all synthetic propositions; because 
their subject concepts (i.e., “bachelors”, “creatures with hearts” 
and “powers”) “do not” necessarily contain their predicate 
concepts (i.e., “happy”, “have kidneys” and “engines”). In 
other words, the dependency relationships created between 
the subject and the predicate via synthetic propositions is 
NOT the “part-of ” type as with the case of  analytic 
propositions. This is a very important difference that must be 
well understood because it provides the logic foundation upon 
which the two-dimensional decision framework of  the AD 
theory is developed. As will be explained next, in the context 
of  design, synthetic propositions employ the “knowing-how” 
knowledge to abductively establish the “means-of ” 
dependency relationships across multiple hierarchies (rather 
than a single hierarchy), and are the basis of  the “mapping” 
operation in the AD theory.   

4 MULTIPLE HIERARCHIES TO 
DIFFERENTIATE ANALYTIC FROM 
SYNTHETIC PROPOSITIONS 

The previous section has established the epistemological 
foundation from formal logic studies that elucidates the 
important dissimilarity between analytic propositions and 
synthetic propositions. When the designer makes these two 
different propositions repeatedly, various dependency 
relationships are created. In a typical design, these 
relationships can become very complex and must be 
structured properly in order to support reasoning. Based on 
the centennial work by Herbert Simon [1996] that proposed 
“hierarchy” as a good structure to “mask” system complexity, 
entities of  a system are often organized as a hierarchy in order 
to take advantages of  information hiding and property 
inheritance, among other benefits.  

 In general, a hierarchy is a structure that directly or 
indirectly links entities in either vertical or horizontal 
directions to capture dependency relationships among entities 
(e.g., propositions). Strictly speaking, the only direct 
relationships in a hierarchy are to one's immediate superior or 
subordinates. Table 2 summarizes the similarities and  
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Table 3. Comparison between different propositions, knowledge, relationships and structures. 

 
Based on this theoretical background, we can now use these 
basic concepts to justify and guide the mapping and 
decomposition operations that underline the domain-vs.-layer 
2-D reasoning framework upon which the AD theory was 
developed.  

Since the purpose of  design synthesis is to create some 
concrete “means” to achieve the intended “ends”, we can 
define the logic association established by synthetic 
propositions in design as the “means-of ” dependency 
relationship between the subject and its predicates. In other 
words, we can say that the predicate B is a “means-of ” the 
subject A; or A is “realized-by” B via a synthetic proposition. 
The resulting predicate B is not the same kind as the subject A 
in this case. Therefore, when B is to be further specified by 
analytic propositions, they should be placed into a different 
hierarchy than that for the A’s as indicated in Figure 1. Unlike 
the “part-of ” relationships which exist “vertically” within a 
hierarchy, we can describe the “means-of ” relationships as 
moving “horizontally” across adjacent hierarchies. 

In short, analytic propositions in synthesis reasoning use 
the knowing-that knowledge to establish the “part-of ” 
dependency relationships vertically between the subject and its 
predicates with property inheritance and information 
encapsulation within a single hierarchy. Synthetic propositions, 
on the other hand, use the knowing-how knowledge to create 
the “means-of ” dependency relationships between the subject 
and the predicates without property inheritance and 
information encapsulation across two hierarchies. We call the 
horizontal assertion of  the “means-of ” dependency 
relationships as “realization” and the vertical declaration of  
the “part-of ” dependency relationships as “specialization” to 
support synthesis reasoning in tandem.  

Recall that the key feature of  the AD theory is to 
organize different kinds of  design decisions into four domains 
(e.g., CN, FR, DP and PV) within four separate hierarchies. 
Compared with the traditional AHP process that only 
vertically decomposes an intangible subject into more tangible 
predicates within a single hierarchy, the AD theory suggests an 
additional reasoning operation, called mapping, which makes 
propositions across two adjacent design domains. Based on 
the above explanations, it is clear that the mapping operation 
in AD should be based on the synthetic proposition, when the 
designer should reason horizontally across two different 
hierarchies using the know-how knowledge; whereas the 
decomposition operation in AD is mostly based on the 
analytic proposition, when the designer must reason vertically 
within one hierarchy using the know-that knowledge. 
Therefore, when using the AD theory to perform synthesis 
reasoning in design, the designer can rely on the 

epistemological difference between know-how and know-that 
knowledge to clearly differentiate and systematically guide the 
synthetic and analytic propositions during mapping and 
decomposition operations accordingly.  

Table 3 recaps how the relevant scientific underpinnings 
and concepts explained in Sections 3 and 4 correlate to the 
mapping and decomposition operations in the AD theory. 
Equipped with these basic concepts and logic foundations in 
this table, the designer will be more able to use the AD 
theory’s 2-D decision framework effectively to synthetically 
generate new design options (as oppose to merely 
analyzing/comparing multiple already created design 
alternatives) via the zigzagging design procedure with alternate 
uses of  mapping and decomposition operations. This not only 
provides a theoretical foundation for the AD theory in 
research, but also overcomes the difficulty of  using the theory 
to creatively perform design synthesis in practice.  

6 SYNTHESIS REASONING FRAMEWORK AS 
A GENERALIZATION OF THE AXIOMATIC 
DESIGN THEORY 

Building upon the above logic-based theoretical 
foundation, we can further develop a generic synthesis 
reasoning framework which can be seen as a theoretical 
generalization and used as a complement of  the AD theory to 
effectively support design synthesis [Lu and Liu, 2011].  

In general, synthesis reasoning in formal logic represents 
a rational "leap of  faith" from a relatively intangible subject 
(Pi,j) to a more tangible predicate (Pi+1,j+1) by making a series 
of  abductive propositions, where i and j denote the synthetic 
and analytic propositions, respectively.  Based on this logic 
foundation, design synthesis can be modeled as a repeated 
abduction process from an abstract intent (i.e., what) to a 
concrete instantiation (i.e., how). Figure 2 below illustrates a 
typical synthesis reasoning process in design from Pi,j to 
Pi+1,j+1. The process consists of  two sequential stages: the 
alternative creation stage and the alternative selection stage. 
The goal of  alternative creation is to ideate a few qualified 
instantiations for further comparison. Whereas, the goal of  
alternative selection is to choose a unique instantiation as the 
final outcome (i.e., Pi+1,j+1) of  design synthesis. 

In the alternative creation stage, given Pi j, the designer 
must first mentally form a “nucleus” in order to focus his/her 
creative attentions. In other words, starting from “all things 
are possible” initially (i.e., the solution-free thinking desired by 
innovative design should begin with all possible alternatives 
without any limitation), a bounded small “space for 
consideration” (to which Pi+1,j+1 must belong) must be 
established carefully first.  

 Kinds of  
Proposition 

Types of  
Knowledge 

Nature of  
Relationship

Synthesis 
Operation 

Reasoning 
Direction 

Hierarchical 
Structure 

Mapping Across 
Domains 

Synthetic  Knowing-how Means-of Realization Horizontal Across two 
hierarchies 

Decomposition 
Across Layers 

Analytic Knowing-that Part-of Specialization Vertical Within a single 
hierarchy 
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how the zigzagging design process is carried out in design 
decision making practice.   

4. The decision process of  this synthesis reasoning 
framework also follows a zigzagging design process as the 
AD theory, by applying the three reasoning operations 
(i.e., Ř, Š, and �) in a specific sequence.  

5. Two generic design axioms prescribed by the AD theory 
are both adopted as objective decision rules in this 
framework. The Independence Axiom is utilized as a 
domain-independent constraint during alternative 
creation stage to synthetically create instantiations that 
are functionally independent of  each other. As well, the 
Information Axiom is used as a domain-independent 
selection criteria to compare and rank-order candidate 
instantiations. 

Table 4. Comparison between the synthesis reasoning 
framework and the Axiomatic Design theory. 

 

7 SUMMARY AND CONCLUSIONS 
1. This paper attempts to find a theoretical foundation that 

can explain the fundamental reasons for clearly 
delineating the “what” from “how” decision in the AD 
theory. The answer to this question helps to settle the 
debate whether the design axioms (i.e., Independence 
Axiom and Information Axiom) prescribed by the AD 
theory should be commonly accepted as objective 
decision rules or simply treated as subjective guidance.  

2. Based on relevant theory from formal logic, this paper 
builds a theoretical foundation that clearly distinguishes 
the essential difference between analytic propositions 

(made by “know-what” knowledge) and synthetic 
propositions (made by “know-how” knowledge), and the 
necessity for creating a multi-hierarchy framework to 
organize synthetic propositions. This logic-based 
theoretical foundation can be used to justify and guide 
the decomposition and mapping operations that 
underlines the domain-vs.-layer 2-dimensional decision 
framework upon which the AD theory was developed. 

3. Built upon this logic foundation, a synthesis reasoning 
framework (including reasoning operations, decision 
process, and selection methods) is developed. The new 
framework can be seen as a generalization and used as a 
complement of  the AD theory to enhance its more 
effective applications as a synthesis (instead of  analysis) 
decision framework.  

4. The future work of  this research includes deriving some 
specific theorems of  abductively making propositions (i.e., 
synthetic proposition and analytic proposition) in 
synthesis reasoning, that are compatible with relevant 
operations (i.e., mapping and decomposition) in the AD 
theory. Some design experiments are being conducted to 
test the performance of  the proposed synthesis reasoning 
framework. 
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ABSTRACT 
The business solution to the three-sided conflict among 

industry, customers and the environment is based upon 
transitioning from the selling of products to the selling of 
services, while the manufacturer remains the owner of the 
product and is responsible for it throughout its lifecycle. A key 
to the success of such a transition is the concept of extended 
maintenance based upon modular product design. With the aid 
of axiomatic design, the product's concept can already be 
optimized at the preliminary design stage. Furthermore, 
axiomatic design leads to a substantial decrease in the 
product's concept complexity, that is, in the core of modular 
design. A system that automatically modularizes a product 
design can be realized by integrating principles of axiomatic 
design with two new design structure matrices (DSM). The 
goal of  the proposed methodology is to automatically 
determine the number of  modules and to identify product 
modules in a design, which are essential for the 
implementation of  a module-based product-service plan. An 
example of automatic modularization for the design of a water 
dispenser is presented. 

Keywords: Axiomatic Design, DSM, modularization 

1  INTRODUCTION 
In recent years, protecting the environment and its natural 

resources for future generations has become a major concern. 
Growing industrialization, depleted resources, population 
growth and globalization have prompted intensive legislation 
supporting a greener society. One of  the consequences of  
"green" legislation is the need to develop and implement new 
tools, methodologies and approaches for designing, 
manufacturing and maintaining products. The leading trend 
gradually being implemented by manufacturers to meet both 
environmental and economic goals is the Selling-of-Services 
approach [Shpitalni, 2004].  

By transitioning to selling services rather than products, 
the manufacturer remains the owner of  the product 
throughout its lifecycle and is responsible for providing reliable 
services to the customer. As owner of  the product, the 
manufacturer is allowed to augment lifespan-prolonging 
activities such as servicing and upgrades in order to provide 
reliable services. A major consequence of  this approach is the 
change in product design towards efficient maintenance and 

end-of-life activities, such as product reclamation, disassembly 
and recycling [Shpitalni, 2004; Franke and Seliger, 2002].  

The shift to a service-oriented business model has been 
driven by environmental requirements and legislation and can 
be economically justified only when environmental legislation 
is enforced. The exertion of  careful control over lifecycle-
enhancing activities obtained by this strategy offers substantial 
benefits by extending product life span, fostering exploitation 
of  resources and reducing material and energy waste, 
consequently contributing significantly to the sustainability of  
both the product and the environment.  

Implementing the product-service approach dictates new 
design considerations. In particular, product maintenance 
[Takata et al., 2004] becomes more than merely a scheduled 
service. Maintenance — whether time- or condition-based —
becomes a tool to enhance a product's active life span and 
reliability (which is now the interest of  the manufacturer) by 
means of  servicing, part replacement (possibly reuse of  parts) 
and upgrade operations. Nevertheless, growing product 
complexity (mainly due to ongoing technological 
advancements and increases in interdisciplinary component 
integration) has made maintenance planning more difficult. 
Manufacturers' efforts to gain more control over product 
performance together with the need to provide reliable 
operation throughout the entire life span of  the product are 
dictating a change in product design approaches.  

Adopting a modular system architecture design has many 
advantages for service-oriented products, including quick and 
efficient maintenance and upgrades and a reduction in on-site 
service time needed to isolate a malfunctioning element. This 
lowers down-time by replacing entire modules. Although 
premature replacement of  functioning inner-module elements 
does incur cost, it in turn reduces the costs of  unscheduled 
maintenance activities, which in many cases are more 
substantial. Moreover, initiated replacement provides an 
opportunity to salvage parts, which are then refurbished and 
reused or recycled, consequently reducing environmental loads. 

As products become large-scale and more complex, 
abstract models must be developed to deal with complex 
product architectures [Sharman and Yassine, 2004]. The 
abstraction in product architecture gained by modularization 
may aid designers in attaining a more manageable structure of  
the product-to-be.  

The method introduced in this paper aims to support the 
selling-of-services paradigm. More specifically, we present a 
method and tool developed to support modular system 
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architecture design for service-oriented products. The 
proposed design methodology combines Axiomatic Design 
(AD) principles with Design Structure Matrix (DSM) analysis 
tools to facilitate desired product functionality as well as 
modular architecture (Figure 1).  

 
Figure 1. Proposed methodology for product 

modularization. 

2  AIM AND METHOD 
Based on the components comprising a product, the aim 

is to develop a system that automatically determines the 
optimal number of  modules and integrates the components in 
the modules according to specific requirements related to 
functionality, such that the interconnections among modules 
are minimized. Minimizing the interactions among the 
different modules reduces system complexity and produces a 
module-oriented architecture. 

The first step consists of  conceptualizing the 
product/system using axiomatic design principles. This 
practice ensures maximal decoupling of  design parameters and 
minimizes overall component interaction. Due to the nature of  
this process, the resulting design at this stage may already 
achieve some degree of  component integration, laying the 
foundation for module identification in the following step. 

The next step involves capturing structural interactions 
among different product components in a design structure 
matrix (DSM) representation based on the axiomatic design. 
The matrices are then used to determine the system's 
modulation through component clustering.  

Since manual module identification by means of  manual 
clustering is only possible for simple products, a supporting 
tool is needed for more intricate systems. Hence, as part of  
this research, two new DSM clustering tools have been 
developed: a new DSM clustering algorithm and a new 
reordering algorithm of  sparse DSMs. 

The resulting methodology is verified and demonstrated 
here on a simple case study – a water dispenser. 

3 CONCEPTUALIZING THE PRODUCT 
THROUGH AXIOMATIC DESIGN 
PRINCIPLES 
In engineering design, conceptual design is the stage in 

which the working principles and structure of  the product are 
conceived. This process results in a primary solution, which 
may be considered the most suitable alternative for a given set 
of  specifications. The process of  generating the optimal 
concept alternative depends greatly on the methodology and 
the evaluation measures adopted by the product designer and 
can dictate product architecture and modularity. 

At this stage of  the proposed methodology, we consider 
conceptualizing the product by applying the axiomatic design 
methodology (ADM) [Suh, 2001]. This methodology yields a 
product design with the following features: (a) either a 
decoupled or an uncoupled design embodiment, resulting in a 
decrease in the number of  inter-component interactions, and 
(b) a certain degree of  component integration, which may ease 
the subsequent process of  product modularization. 

In ADM, according to the independence axiom a good 
design is attained only if  the design is either uncoupled or 
decoupled [Suh, 2001], ensuring that functional requirements 
are independently satisfied by the corresponding design 
parameters. 

The design matrix characterizes the product design 
through the relations between the FR vector (functional 
requirements – or goals) and the DP vector (design parameters 
– or solutions). The axiomatic design methodology includes 
three types of  design matrices: coupled, uncoupled and 
decoupled. In the following equations, the relationships 
between FRs and DPs are represented either by "X" (a 
relationship exists) or by "0" (no relationship exists). The 
relationships represented by "X" are either linear (where "X" 
represents a constant) or nonlinear (where "X" represent 
functions of  DPs). 

Equation 1 illustrates a coupled design. This design is 
considered to be unacceptable, since it is hard to control a 
particular FR through its corresponding DP without affecting 
other FRs. 

 

1 0 1
2 0 0 2
3 0 0 3
4 0 4

FR X X X DP
FR X X DP
FR X X DP
FR X X X DP

⎧ ⎫ ⎡ ⎤ ⎧ ⎫
⎪ ⎪ ⎢ ⎥ ⎪ ⎪⎪ ⎪ ⎪ ⎪⎢ ⎥=⎨ ⎬ ⎨ ⎬⎢ ⎥⎪ ⎪ ⎪ ⎪⎢ ⎥⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎣ ⎦ ⎩ ⎭  

(1)

 
The ideal or uncoupled design, as illustrated in equation 2, 

is represented by a diagonal design matrix. In this case, each of  
the FRs is satisfied independently by one DP. 

 

1 0 0 0 1
2 0 0 0 2
3 0 0 0 3
4 0 0 0 4

FR X DP
FR X DP
FR X DP
FR X DP

⎧ ⎫ ⎡ ⎤ ⎧ ⎫
⎪ ⎪ ⎢ ⎥ ⎪ ⎪⎪ ⎪ ⎪ ⎪⎢ ⎥=⎨ ⎬ ⎨ ⎬⎢ ⎥⎪ ⎪ ⎪ ⎪⎢ ⎥⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎣ ⎦ ⎩ ⎭

  (2)

 
In a case where the design can be represented by a 

triangular design matrix (Equation 3), a decoupled (or 
acceptable) design is achieved. In this case, FR independence 
can be guaranteed by determining the proper sequence of  
manipulating DPs. 
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1 0 0 0 1
2 0 0 0 2
3 0 0 3
4 4

FR X DP
FR X DP
FR X X DP
FR X X X X DP

⎧ ⎫ ⎡ ⎤ ⎧ ⎫
⎪ ⎪ ⎢ ⎥ ⎪ ⎪⎪ ⎪ ⎪ ⎪⎢ ⎥=⎨ ⎬ ⎨ ⎬⎢ ⎥⎪ ⎪ ⎪ ⎪⎢ ⎥⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎣ ⎦ ⎩ ⎭

  (3)

 
For a system to achieve modularity, the physical units or 

modules must be distinguishable and separated into units (with 
minimum interaction and/or relations between units- 
interdependencies). Separation into modules is only possible if  
elements in the physical design are unaffiliated to some extent. 
Although only functional independence is practically achieved, 
the second axiom suggests that physical integration is desirable 
between elements, reducing product complexity (information 
content) and resulting, in many cases, in a modular-like form.  

By applying axiomatic design principles at the conceptual 
phase, we can to some degree ensure that physical elements are 
integrated into a single module, thus reducing overall system 
complexity and maximizing potential modularity.  

4  CAPTURING STRUCTURAL INTERACTIONS 
USING DESIGN STRUCTURE MATRICES 
In this stage of  the proposed method, all adjacencies, 

interactions and integrations among the product components 
are modeled based on the conceptual design attained in the 
previous stage. These interactions and integrations include 
architectural/spatial dependencies and process flows, as well as 
material, information and energy flows. These are identified by 
developing graphical representations of  the interdependent 
flows and then by developing the consequent design structure 
matrix (DSM) for each type of  interaction.  

DSM is a system engineering tool that uses matrices to 
model and analyze complex projects, processes or systems 
[Browning, 2001] DSMs capture the structure of  the 
interactions, interdependencies and interfaces among different 
hierarchical product elements (i.e., components and modules), 
as shown in Figure 2. Typically DSM analysis uses clustering 
algorithms to identify groups of  close-coupled components, as 
shown in Figure 3. The primary objective of  clustering 
elements into modules is to minimize interactions among 
different modules that reduce system complexity and lead to 
module-oriented architecture. 

Analyzing system modularity through DSM involves the 
following three steps: 

1. Identifying the system components based on the 
conceptual design.  

2. Defining all adjacencies, interactions and integrations 
between the components. 

3. Analyzing potential clustering of  system components 
(integration analysis). 

Integration analysis is a tool that offers insights into 
possible system modularization by clustering off-diagonal 
elements and reordering rows and columns of  the DSM 
elements. The foremost objective of  clustering is to minimize 
interactions among different clusters, sub-systems or modules.  

To date, several algorithms and heuristics have been 
proposed for clustering [Sanchez and Mahoney, 1997; 
Fernandez 1998], but no single clustering approach has been 
identified to give an optimal solution. Therefore, as part of  

this research and methodology, we have tailored two 
independent tools for Design Structure Matrix reordering and 
clustering. The first is a DSM clustering algorithm and the 
second is an alternative new clustering approach for sparse 
DSMs, based on sparse reverse Cuthill-McKee ordering 
[George and Liu, 1981]. 

1 2 3 4 5 6 7 8 9 10 11 12
1 * 0 2 0 2 0 0 2 0 0 0 0
2 0 * 0 0 1 2 0 0 0 1 1 0
3 2 0 * 0 1 0 1 1 0 0 0 0
4 0 0 0 * 0 0 0 0 1 1 0 0
5 2 1 1 0 * 0 0 1 0 0 0 0
6 0 2 0 0 0 * 0 0 0 0 0 0
7 0 0 1 0 0 0 * 0 0 0 0 2
8 2 0 1 0 1 0 0 * 0 0 0 0
9 0 0 0 1 0 0 0 0 * 2 0 0
10 0 1 0 1 0 0 0 0 2 * 0 0
11 0 1 0 0 0 0 0 0 0 0 * 0
12 0 0 0 0 0 0 2 0 0 0 0 *
Figure 2. An example of  a synthetic artificial DSM.  

Product elements and their interactions are recorded in a 
square matrix. Diagonal cells represent the elements (in this 
case 12 elements); off-diagonal cells represent interactions 
between elements and their strength (0-no dependency; 1-weak 
dependency; 2-strong dependency). If  the direction of  the 
interactions is meaningful, the directions are recorded in an 
asymmetric matrix, where the location of  an interaction (either 
over or under the diagonal) represents the direction. If  there 
are no directional preferences, DSM(i,j)=DSM(j.i)), and the 
DSM is symmetrical.  

5 8 3 1 11 6 2 12 7 4 10 9
5 * 1 1 2 0 0 1 0 0 0 0 0
8 1 * 1 2 0 0 0 0 0 0 0 0
3 1 1 * 2 0 0 0 0 1 0 0 0
1 2 2 2 * 0 0 0 0 0 0 0 0
11 0 0 0 0 * 0 1 0 0 0 0 0
6 0 0 0 0 0 * 2 0 0 0 0 0
2 1 0 0 0 1 2 * 0 0 0 1 0
12 0 0 0 0 0 0 0 * 2 0 0 0
7 0 0 1 0 0 0 0 2 * 0 0 0
4 0 0 0 0 0 0 0 0 0 * 1 1
10 0 0 0 0 0 0 1 0 0 1 * 2
9 0 0 0 0 0 0 0 0 0 1 2 *
Figure 3. The DSM from Figure 2 after integration 

analysis; four modules were identified for integration.  
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5  A DSM CLUSTERING ALGORITHM FOR 
MODULE IDENTIFICATION 
For small and sparse DSMs, manual clustering by visual 

inspection is often possible. But for more complex products, 
computer-aided clustering is essential.  

The primary objective of  clustering is to minimize 
interactions among different clusters [Browning, 2001]. As part 
of  this research, a new heuristic clustering algorithm was 
developed and implemented on the MATLAB™ platform. 
The algorithm is based upon integrating components into 
modules rather than subdividing the product into modules, as 
proposed by Sanchez and Mahoney [1997] and by Fernandez 
[1998]. The proposed clustering algorithm divides the system 
into several clusters based on the element interactions obtained 
in the previous stage. The proposed clustering algorithm is 
based on the following objectives:  

(a) The number of  outer-cluster interactions needs to be 
minimized to reduce system complexity. 

(b) Inner-cluster connectivity should include all 
components in the module to assure fully integrated 
clusters.  

(c) No overlapping clusters are allowed to attain total 
cluster separation corresponding to disjoint modules.  

Applying these objectives results in an optimal balance 
between inner-cluster connectivity (all element in the cluster 
are related) and the reduction of  outer-cluster interactions. 
Therefore, the algorithm avoids converging to one mega-
cluster by splitting clusters that are not fully connected into 
independent or unrelated clusters. 

The main idea behind our clustering algorithm is that 
modules should be independent and totally separate, contrary 
to other heuristics [Sanchez and Mahoney, 1997; Fernandez, 
1998]. This dictates that interface locations cannot be shared 
between clusters and overlapping between clusters is 
prohibited. Since interface locations are usually the weakest 
links in the design, they should either be defined as interface 
units (links) or integrated into one of  the adjacent modules, if  
possible. Furthermore, if  the design includes a high level 
integrating component or bus (a module or component 
integrating many modules together, as in a PC motherboard), 
this component should be excluded from the clustering 
process to ensure that the modules are separated. 

We define a cluster as a group of  components with 
coupled interactions among them and minimal external 
interactions. Consequently, in the proposed algorithm all inner-
cluster elements must be connected, be part of  a continual 
flow or have the required spatial adjacency. Thus, the objective 
function of  our clustering algorithm is to minimize the 
number of  interactions outside the clusters: 

 [ ]minf DSM Cost=  (4) 
where 

 ( )
1 1

( , )

,

n n

i j

DSM Cost DSM i j

i j outside clusters

= =

=

∀

∑∑  (5)

 

The clustering algorithm initializes a cluster list with n 
clusters, each of  which comprises exactly one component (n 
1x1 matrices), where n is the size of  the DSM. The clustering 
sequence randomly selects a cluster and then for every other 
potential component evaluates a candidate to be integrated 
into the selected cluster. The algorithm then selects the 
element that most improves the objective function f. If  f 
cannot be improved, the algorithm returns to the previous step 
and selects a new candidate cluster.  

To reduce the possibility of  a result converging to a local 
minimum, the algorithm randomly allows a non-improving 
element to be selected. After a change has been accepted, the 
cluster list is updated, and the resulting clusters are checked for 
inner-cluster connectivity. If  inner-connectivity is not found, 
the decomposable clusters are then split to prevent the 
algorithm from converging to one mega-cluster. The algorithm 
continues to improve f iteratively until the maximum number 
of  iterations allowed has been carried out. To improve user 
control, additional constraining parameters were added, among 
them maximum cluster size and/or minimum number of  
clusters.  

Figure 4 depicts some modularization stages and the 
convergence of  the algorithm.  

6  A DSM REORDERING TOOL USING 
SPARSE REVERSE CUTHILL-MCKEE 
ORDERING  
Efficient separations into modules can only be achieved if  

the number of  interactions and their coupling nature are such 
that the clusters are distinguishable. The basic idea behind 
most clustering algorithms (e.g., the algorithm proposed in the 
last section) is that during the reordering of  elements in the 
DSM and the repositioning of  off-diagonal interactions closer 
to the diagonal, clusters can often be identified, as shown in 
Figure 5. Assuming a certain average number of  interactions 
(ANI) per element, we show (Figure 6) that a DSM becomes 
sparser as its dimensions increase. Moreover, in large DSMs 
the density does not change significantly with ANI. Hence, we 
can assume that large systems have sparser DSMs.  

Taking advantage of  the sparsity property, we can 
implement the Sparse Reverse Cuthill-McKee Ordering1 
[George and Liu, 1981] (SRCMO) algorithm to reduce the 
DSM's bandwidth. The reduction of  the DSM's bandwidth has 
an effect similar to clustering, whereby the non-zero elements 
become closer to the diagonal. The SRCMO algorithm first 
finds a pseudo-peripheral vertex of  the graph representing the 
matrix. It then generates a level structure by breadth-first 
searching and orders the vertices by decreasing the distance 
from the pseudo-peripheral vertex. This property may be used 
for reordering and pre-processing sparse DSMs before 
implementing either manual or automated clustering 
algorithms. Note that the ordering algorithm can be applied 
both to symmetric and to non-symmetric DSMs, consequently 
reducing clustering time. Figure 8 illustrates a permutation of  a 
DSM using SRCMO. 
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(a) 
 

(b) 
 

(c) (d) 

 
(e) 

Figure 4. Clustering algorithm result for example illustrated in Figure 2: (a) clustering after 1 iteration;  
(b) after 5 iterations; (c) after 15 iterations; (d) after 18 iterations;  

(e) algorithm reached a minimum cost of  6 after 18 iterations, resulting in four clusters.  
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Figure 5. Clustering algorithms reposition off-diagonal interactions closer to the diagonal,  

creating identifiable clusters (potential modules). 

 
Figure 6. DSM density vs. DSM size. As the number of  elements in a DSM increases, the DSM becomes sparser.  

For large systems, the average number of  interactions per element (ANI) hardly affects DSM density. 

 
9 4 10 6 11 2 5 1 8 3 7 12

9 x 1 2 0 0 0 0 0 0 0 0 0
4 1 x 1 0 0 0 0 0 0 0 0 0
10 2 1 x 0 0 1 0 0 0 0 0 0
6 0 0 0 x 0 2 0 0 0 0 0 0
11 0 0 0 0 x 1 0 0 0 0 0 0
2 0 0 1 2 1 x 1 0 0 0 0 0
5 0 0 0 0 0 1 x 2 1 1 0 0
1 0 0 0 0 0 0 2 x 2 2 0 0
8 0 0 0 0 0 0 1 2 x 1 0 0
3 0 0 0 0 0 0 1 2 1 x 1 0
7 0 0 0 0 0 0 0 0 0 1 x 2
12 0 0 0 0 0 0 0 0 0 0 2 x

Figure 7. Results of  applying SRCMO to the artificial example in Figure 2.  
In this case, SRCMO reorders the DSM so clusters are immediately recognized  

and no further clustering is needed. 
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Figure 8. Permutation of  a DSM using Sparse Reverse Cuthill-McKee Ordering. The clustered DSM is mixed and then 
processed through SRCMO. Some of  the resulting clusters in the DSM can be identified.  

 
 
 

7 CASE STUDY EXAMPLE 
To demonstrate the modular design process presented in 

this paper, we introduce a case study: a modular design of  a 
water dispenser. The water dispenser is designed to serve 
various functions, primarily to supply hot or cold filtered water 
in a way that is safe and sustainable.   

First step: Design the product based on axiomatic design 
principles. After the functional requirements for the product 
were determined, the corresponding design parameters were 
conceived (Table 1). These corresponding design parameters 
were selected in accordance with the independence axiom to 
ensure at least a decoupled design. Figure 9 illustrates the 
results of  this design process, where a decoupled design was 
obtained as identified by the triangular design matrix. The 
decoupled design ensures that the design is acceptable and 
minimally coupled. Furthermore, the proper sequence was 
determined for manipulating design parameters to gain better 
control of  each FR separately, thus eliminating imaginary 
complexity.  

Second step: Identify and model the product's elements 
and interactions based on the design. For this particular design, 
several interactions were considered and modeled (Figure 10), 
including material, heat, information, electricity and spatial 
(architectural) interactions. From the resulting model, the 
interactions were captured into DSMs. Figure 11 shows an 
example of  a DSM map for spatial or architectural interactions; 
in this case a four-degree scale was adopted, including negative 
relations where applicable.  

 

Third step: Identify modules using DSM clustering tools. 
The spatial DSM was selected for clustering, and our module-
identifying clustering algorithm was applied. The results, as 
illustrated in Figure 12, show that the algorithm converged to a 
minimum after 180 iterations.  

Fourth step: Applying the clustering algorithm for the 
water dispenser yielded five clusters representing the product 
modules (Figure 13). Each module was analyzed to identify its 
functional and architectural significance. For example, one of  
the clusters, "the inlet block", is responsible for water treatment 
and flow. It includes the booster pump, charcoal filter, UV 
filter and water valve. This case study illustrates how our 
methodology can be practically implemented to design a 
modular product. The systematic approach has successfully 
achieved a recognizable modular form that is identifiable and 
intuitive (each module has a recognizable architectural and/or 
functional purpose). 

Table 1. Generic water dispenser axiomatic design. 
Functional Requirements
FR1=Supply hot boiling water 
safely 
  FR11=Prevent misuse by  
  children 
  FR12=Heat water 
  FR13=Ensure water boil 
  FR14=Control hot water flow
FR2=Supply cold water 
  FR21= Cool water 
  FR22=Control cold water flow 
FR3=Conserve energy 
  FR31=Control hot water  
  temperature 
  FR32=Conserve heat 
  FR33=Prevent mix of  hot and
  cold water  
FR4=Conserve water resource 
FR5=Maintain water quality 
  FR51=Clean water 
  FR52=Destroy bacteria 
FR6 = Maintain water pressure 

Design Parameters
DP1= Water Heating sub-System
  DP11= Safety Mechanism 
  DP12=Boiler 
  DP13=Extra hot button 
  DP14=Water Tap 
DP2= Water Cooling sub-System
  DP21=Heat pump 
  DP22=Water Tap 
DP3= Energy Conservation sub-
System 
  DP31=Thermostat 
  DP32=Heat cycle 
  DP33=Water Valve 
DP4= Water Collection Sink 
DP5= Filter system 
  DP51=Charcoal filter 
  DP52=ultraviolet lamp filter 
DP6 = Booster Pump 
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Figure 9. Axiomatic design matrix for generic water dispenser.  

The result of  the design process is a decoupled design. 

 

 
Figure 10. Inter-element interactions model of  the water dispenser case study  

(water, heat, information, electric and spatial). 
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Figure 11. DSM map of  inter-element interactions of  water dispenser case study.  
A four-degree scale was adopted, including negative relations where applicable. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 x 0 -2 0 0 0 0 0 0 0 0.5 0 0 0 0 0 2 0 0

2 0 x 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0

3 -2 0 x 0 0.5 0 -2 2 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 x 1 0 0 0 0 0 0 0.5 0 0 0 0 0 0 0

5 0 0 0.5 1 x 0 0 0 0 0 0 0 0.5 0 0 1 0 0 0

6 0 0 0 0 0 x 0.5 0.5 0 0 0 0 0 0 0 0 0 0 0

7 0 0 -2 0 0 0.5 x 0 0.5 0 2 0 0 0 0 0 0 0 0

8 0 0 2 0 0 0.5 0 x 0.5 0 -2 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0.5 0.5 x 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 x 0 0.5 1 0 0 0 0 0 0

11 0.5 0 0 0 0 0 2 -2 0 0 x 0 0 0 0 0 0 0 0

12 0 0 0 0.5 0 0 0 0 0 0.5 0 x 1 0 2 0 0 0 0

13 0 0 0 0 0.5 0 0 0 0 1 0 1 x 0 0.5 1 0 0 0

14 0 1 0 0 0 0 0 0 0 0 0 0 0 x 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0 2 0.5 0 x 0 0 0 0

16 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 x 0 0 0

17 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 x 0 0

18 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 x 0.5

19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5 x

2
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1 Boiler 11 Hot Cycle Heat Exchanger
2 Charcoal Water Filter 12 Hot Water Button 
3 Cold Cycle Heat Exchanger 13 Hot Water Tap
4 Cold Water Button 14 Booster Pump
5 Cold Water Tap 15 Safety Mechanism 
6 Compressor 16 Sink
7 Condenser 17 Thermostat 
8 Evaporator 18 Ultraviolet Water Filter 
9 Expansion Valve 19 Valve
10 Extra Hot Button 
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Figure 12. Clustering results for the spatial DSM of  the water dispenser. Top: objective function vs. no. of  iterations; 

bottom: the resulting clustered DSM (blue, cyan and red are positive dependency, yellow – negative dependency). 

 
Figure 13. The five modules identified by the clustering algorithm.  

The remaining outer-cluster connections represent water flow and heat exchange between modules. 



Axiomatic Modular System Design for Service-Oriented Products 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 2011 
 

 

8  DISCUSSION AND SUMMARY 
The methodology and the complementary tools 

introduced in this paper support modular product design for 
service-oriented products. The methodology combines 
axiomatic design principles with design structure matrix 
analysis tools, thus enhancing both product functionality and 
modularity and yielding a structured systematic approach for 
identifying product modules.  

The methodology comprises the following stages: 
• Stage 1: Design the product based on Axiomatic Design 

principles to ensure (a) minimal coupling between 
functional embodiments, (b) improved integration between 
physical elements, (c) reduced system complexity and (d) 
maximized potential modularity. 

• Stage 2: Model interdependencies and interactions among 
system components based on Axiomatic Design.  

• Stage 3: Capture structural interactions using Design 
Structure Matrices based on interdependency model.  

• Stage 4: Apply the clustering and/or reordering tools 
developed as part of  this research to identify component 
clusters (modules/subsystems), consequently minimizing 
interactions among clusters and achieving a modular 
architecture. 
A prime advantage of  this approach is that both the 

number and the size of  the modules are determined 
automatically and need not be decided prior to clustering. 
Modularization is clearly achieved by minimizing outer-cluster 
interactions and at the same time maintaining inter-cluster 
connectivity. To validate the method's ability to facilitate 
product modularization, we have introduced a case study. The 
resulting design shows that module integration is achievable 
and that the resulting division and distribution of  the 
components into modules are intuitive.  
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ABSTRACT 
An algorithm, which is based on an extension of  Nam P. 

Suh’s algorithm, is proposed to reorganize the design matrix. 
The results are 1) the lowest-triangular and most diagonal 
design matrix and 2) a set of  extra columns or rows 
depending on whether the design problem is redundant or not. 
The modification allows the reorganization of  matrices with 
any distribution of  Xs inside and works with rectangular 
matrices of  any size. This paper describes the steps of  the 
procedure and gives several examples of  reorganization. In 
addition, the new algorithm is compared with the T. Lee, 
Acclaro, and N.P Suh algorithms. 

Keywords: design-matrix, algorithm, matrix reformulation, 
off-diagonal term, decoupling strategy. 

1 INTRODUCTION 
Axiomatic Design (AD) developed by N. P. Suh [1990] 

provides a systematic approach to engineering design based 
on two axioms: the independence axiom and the information 
axiom. Axioms act on the mappings between design domains. 
Suh defined four domains in the design/manufacturing world: 
the customer domain, the functional domain, the physical 
domain and the process domain. Design matrices can express 
the relationships between functional requirements (FRs), 
which are defined in the functional domain, and design 
parameters (DPs), which are defined in the physical domain.  

Axioms determine the best structure of  these matrices. 
The larger the number of  couplings between DPs and FRs, 
the worst the design is. As a result, designs can be classified 
according to the structure of  the matrix. There are three main 
possibilities: coupled, decoupled and uncoupled designs. A 
diagonal design matrix characterizes an uncoupled design; a 
triangular design matrix characterizes a decoupled design; and 
a design matrix that cannot be converted to an uncoupled or 
decoupled characterizes a coupled design. Examples of  these 
cases are shown in Fig. 1. 
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Uncoupled  Decoupled Coupled 

Figure 1. Uncoupled, decoupled and coupled matrices. 

In general, functional requirements and design 
parameters can have any order, and hence the position of  the 
non-zero elements in the design matrix is not fixed. For 
example, the decoupled matrix in Fig. 1 can be converted into 
a non-triangular matrix if  the second and third rows and 
columns are permuted. Therefore, an algorithm, that 
transforms a general design matrix into the most diagonal or 
triangular matrix, could classify any design matrix as 
uncoupled, decoupled or coupled. The first axiom forces the 
designer to produce a set of  DPs that maintains the 
independence of  the FRs. This also implies that only two 
configurations of  the design matrix are acceptable: decoupled 
or uncoupled. Additional off-diagonal terms cause coupling 
and should be eliminated. Then, the first step for assessing the 
goodness of  a design is to rearrange the design matrix in 
order to find the off-diagonal terms. The importance of  
rearranging the design matrix lies in the fact that it allows the 
designer to discover the minimum number of  matrix elements 
which have to be removed in order to decouple the matrix. 
Therefore, in an initial stage of  the design process, it is very 
convenient to have an algorithm that gives the minimum set 
of  off-diagonal terms that should be removed in order to 
obtain a decoupled or an uncoupled design.  

Due to the importance of  this step, previous authors 
have studied the problem: Suh [1990], Su [2003], Lee and 
Jeziorek [2006], Lee [2006], Cai [2009], and Acclaro Software 
[2010]. Principal contributions are described in Section 2. 
However, these algorithms have limitations. For example, the 
optimum algorithm proposed by T. Lee [2006] only works 
with square matrices that have non-zero elements in the main 
diagonal. This paper describes an algorithm that solves some 
of  these deficiencies. However, it has other limitations (i.e., it 
is necessary to run the algorithm several times to achieve the 
optimum result). Thus, the purpose of  this paper is to find an 
algorithm that rearranges the columns and rows of  the design 
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matrix in order to obtain a design matrix that is more diagonal 
or triangular than the original matrix. This algorithm must 1) 
be easy to implement, and 2) work with the most general 
design matrix (non-square matrices with zero elements in the 
main diagonal). 

The main objective of  this article is to explore the 
possibilities of  an extended algorithm (EA), which is halfway 
between the N. P. Suh [1990] and T. Lee algorithms [2006]. 
The objectives of  the EA are: 1) to obtain a design matrix that 
is more triangular than the original matrix, 2) to obtain a 
design matrix that is more diagonal than the original matrix, 
and 3) is valid for any matrix dimension, even for a 
rectangular matrix. Section 2 presents an overview of  the 
methods used for matrix rearrangement. Section 3 describes 
the EA and gives some examples. Section 4 discusses and 
explains why EA is halfway between the Suh and Lee 
algorithms. Finally, conclusions are given in Section 5. 

2 BACKGROUND 
Some authors have dealt with the problem of  rearranging 

the design matrix: Suh [1990], Lee and Jeziorek [2006] and Lee 
[2006]. Also, software programs like Acclaro DFSS [Axiomatic 
Design Solutions Inc., 2010] incorporate algorithms that 
rearrange the design matrix.  

N. P. Suh [1990] describes a way to rearrange the design 
matrix. He uses an algorithm that moves rows and columns. 
The process is as follows: 

(i) Find a row which has one non-zero element. 
Rearrange the order of  FRs and DPs by putting the row and 
the column which contain the non-zero element first. 

(ii) Excluding the first row and column, find the row 
which contains one non-zero element. Rearrange the 
components of  FRs and DPs by putting the row and column 
which contains the non-zero element at the row and column 
second. 

(iii) Repeat the procedure until there are no more sub-
matrices to analyze. 

This procedure works well when there are a few non-zero 
elements in each row. If  the number of  non-zero elements 
increases, the procedure has more possibilities of  not finding 
the best rearrangement. To solve this problem Lee and 
Jeziorek [2006] use an optimal strategy based on graph theory. 
They aim to find the set of  minimum elements that decouples 
the design matrix. An extended explanation of  the complete 
process is given by T. Lee [2006]. To summarize, the process is 
as follows: 

(i) Take the original design matrix DM(i,j) and construct 
the adjacency matrix A to determine the 
existence of  coupling. 

(ii) If  coupled, construct incidence matrix B from A. 
(iii) Identify a direct spanning tree. 
(iv) Given B and the spanning tree, construct cycle 

matrix C. 
(v) Search the combinations of  the columns to find the 

first set of  columns with non-zero entries when 
summed up. 

(vi) Combination of  columns found in the previous step 
indicates the minimum set of  off-diagonal 
terms that decouples the design matrix DM.  

This method is very powerful but it is more complex than 
the algorithm used by N. P. Suh, and needs a square design 
matrix with all the elements in the main diagonal different 
from zero (i.e., none of  the elements in the main diagonal can 
be zero). 

3 EXTENDED ALGORITHM 
In this section the objective is to describe an extended 

algorithm (EA) which is easy to implement and useful for a 
large number of  design matrices. In addition, it must 
rearrange the design matrix by finding 1) the most triangular 
matrix, and 2) the most diagonal matrix. In this paper the 
degree of  “triangular” and “diagonal” is based on the number 
of  off-diagonal elements. The larger the number of  non-zero 
diagonal elements, the larger the degree of  “diagonal”. The 
smaller the number of  non-zero elements above the diagonal, 
the larger the degree of  “triangular”. These measures are 
implicitly included in the algorithm. 

To achieve the aforementioned objectives, the EA is 
divided in two phases. First, the EA rearranges the design 
matrix to obtain the most triangular one (Fig. 2). Second, for 
rectangular matrices, it selects the best DPs or FRs to be 
eliminated and obtains the most diagonal matrix (Fig.1). 

The algorithm is as follows: 
- First phase (valid for rectangular and square matrices): 
(i) Find the row with the minimum number of  non-

zero elements and, at least, with one non-zero 
element. We call this row R(i), where i is the 
row index in the original matrix. See Fig. 2 (1). 

(ii) Once the row R(i) is found in step (i), proceed as 
follows.  
a. For each non-zero element present in R(i), 

extract the associated column. We call 
these columns C(i,j), where i is the row 
index of  R(i) and j is the column index. 
For each column C(i,j)  obtain the number 
of  non-zero elements that are in the lower 
part of  this column (i.e., if  C(i,j)k is the 
kth element placed in the column, count 
up the number of  non-zero elements with 
k≥i). We call this number L[C(i,j)]. 

b. Among the columns selected in the 
previous step, take the one with the 
greatest value of  L[C(i,j)]. We call its 
column index C0(i,j). See Fig. 2 (1). 

c. If  there are more than one C0(i,j), because 
there are two or more columns with the 
same value for L[C(i,j)], then it is necessary 
to find the column C0(i,j) with the least 
number of  non-zero elements above the 
diagonal element. Therefore, we use the 
number U[C(i,j)] obtained from counting 
up the number of  non-zero elements 
C(i,j)k with k≤i. 

d.  Among the columns selected in the 
previous step, take the one with the lowest 
value of  U[C(i,j)]. We call this index C0(i,j) 
See Fig. 2 (5). 

(iii) Put the row R(i) and the column C0(i,j) first in the 
matrix. 
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(iv)  Excluding the first row and column, repeat the steps 
(i) to (iv) over the resultant sub-matrix.  

(v) Repeat the process until there are no more sub-
matrices to be analyzed. 

-Second phase. (Valid only if  the matrix is rectangular.) 
For rectangular matrices, the number of  DPs is not 
equal to the number of  FRs. The procedure is first 
explained for the case where #DP > #FR. The 
explanation for the case where #DP < #FR can be 
found at the end of  this section. Note that, if  #DP > 
#FR, there are more columns than rows (i.e., there are 
#DP-#FR extra columns). 
(i) Check if  one of  the extra columns can reduce the 
number L[C(i,j)] of  any column that belongs to the 
square part of  the matrix (i.e., the sub-matrix that 
accomplishes #DP = #FR) without increasing the 
number U[C(i,j)].  
(ii) Permute columns that fulfill the anterior condition. 
See Fig. 3. 
 

 1 2 3 4  3 1 2 4 
1 X X   2 X    
2   X  1  X X  
3  X X X 3 X  X X 

 R(i)=2,C0(i,j)=3 
(1)  Rearrangement 

(2)  
 3 1 2 4  3 2 1 4 
2 X    2 X    
1  X X  1  X X  
3 X  X X 3 X X X X 

 R(i)=1,C0(i,j)=2 
(3)  Rearrangement 

(4) 
 3 2 1 4  3 2 4 1 
2 X    2 X    
1  X X  1  X  X 
3 X X  X 3 X X X  

 R(i)=3,C0(i,j)=4 
(5)  

Final 
Rearrangement 

(6) 
Figure 2. Phase 1 of  EA. 

 3 2 4 1  3 1 4 2 
2 X    2 X    
1  X  X 1  X  X
3 X X X  3 X  X X

 
Change 

column 2 by 1 
(1) 

 
Final 

Rearrangement 
(2) 

Figure 3. Phase 2 of  EA. 

These two phases allow the EA to rearrange the design 
matrix in two ways. One way finds the most triangular matrix 
and the other way finds the most diagonal matrix. Whether or 
not to use the second phase of  the procedure depends on the 
particular design problem. As an example of  the process, 
consider the matrix present in Fig. 4. 

 
 
 
 

 
 

1 2 3 4 5 
1 X     
2 X X X X 
3 X    
4 X  X X 
5 X   X X 

Figure 4. Example matrix. 

In this matrix, step (i) finds the row with maximum 
number of  zeros, which is the first (i=1). There is only one 
non-zero element in i=1, so the first column (j=1) is the only 
one to be compared in the step (ii). For this column, 
L[C(1,1)]=1 and U[C(1,1)]=0. As a consequence, the first row 
and column do not move in the step (iii). 

Step (iv) states that the previous steps must be repeated 
for the sub-matrix represented in Fig. 5. In this case, the 
selected row is i=3, which only has one non-zero element. 
Again, for the same reasons explained above, the chosen 
column is j=2, which has L[C(3,2)]=1 and U[C(3,2)]=1. Fig. 6 
shows the new rearrangement of  the matrix. 

 
1 2 3 4 5 

1 X     
2 X X X X 
3 X    
4 X  X X 
5 X   X X 

Figure 5. Sub-matrix used in an intermediate step of  EA. 

1 2 3 4 5 
1 X     
3 X    
2 X X X X 
4 X  X X 
5 X   X X 

Figure 6. Result of  an intermediate step of  EA. 

Once Again, step (v) gives the new matrix shown in Fig. 7. 
Finally, we can see that in order to obtain a decoupled design, 
only one element, which corresponds to (i,j)=(5,4) in the 
original matrix, must be eliminated. 

 
1 2 3 4 5  1 2 4 5 3

1 X  1 X   
2 X X X X 3  X  
3 X  4  X X X
4 X X X 5 X  X X
5 X X X 2  X X X X

Original matrix  Rearranged matrix
Figure 7. Original matrix and matrix rearranged by EA. 

If  we want to analyze a rectangular matrix, the algorithm 
is still valid. Suppose a rectangular matrix like the one in Fig. 8. 
After the rearrangement we can obtain the two matrices in 
Figs. 9 (matrix A) and 10 (matrix B). The first one is obtained 
after executing the first phase of  the algorithm, and the 
second one, after executing the second phase. 
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 1 2 3 4 5 6 
1 X  X X  X 
2  X  X X 
3   X X  
4  X  X  X 
5 X   X X X 
Figure 8. Example matrix. 

Matrix A is the most triangular matrix and matrix B is the 
most diagonal one. Matrix B indicates that, in the design 
problem, the designer should try to eliminate DP number 6, 
because it has the largest number of  non-zero terms. However, 
for matrix A, it is more interesting to eliminate column 2 
because this has fewer non-zero elements than column 6. Of  
course, in a real design process, the final decision will depend 
on the particular problem, but the proposed process will give 
information about the best design parameter to be eliminated. 
The same procedure can be executed for a matrix with more 
FRs than DPs. In this case, the algorithm will give us 
information about which one is the most coupled FR. 
 

 5 2 4 1 3 6  5 6 4 1 3 2
3 X  X X  X 3 X    X
2  X   X X 2 X X   X
4   X  X  4  X X  X
5  X  X  X 5 X X X X 
1 X   X X X 1  X X X X

 Original matrix  (A) Triangular 
rearrangement  

Figure 9. Rearrangement obtained in the first phase of  
EA: most triangular matrix. 

 5 2 4 1 3 6  5 2 4 1 3 6
3 X  X X  X 3 X    X
2  X   X X 2 X X   X
4   X  X  4  X X  X
5  X  X  X 5 X  X X X
1 X   X X X 1   X X X X

 Original matrix  (B) Diagonal 
rearrangement  

Figure 10 Rearrangement obtained in the second phase 
of  EA: most diagonal matrix. 

The EA works especially well for those matrices that are 
large and strongly coupled, like the design matrix shown in Fig. 
11. The result of  the algorithm for this matrix appears in Fig. 
12 where it is possible to see that the design problem is 
coupled only due to two non-zero elements over the main 
diagonal.  

 
 
 
 
 
 
 
 
 

 
 

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

Figure 11. Example matrix. 

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

Figure 12. Rearranged matrix obtained by EA from 
design matrix in Fig. 11. 

Note that phase two for the case where #FR > #DP is 
similar to the one previously described. However, the L and U 
numbers must be redefined as follows. 

-For each row R(i,j) obtain the number of  non-zero 
elements that are in the left side of  this row (i.e., if  R(i,j)k is 
the kth element placed in the row, count up the number of  
non-zero elements with k≤i). We call this number L[R(i,j)]. 

- The number U[R(i,j)] is obtained from counting up the 
number of  non-zero elements R(i,j)k with k≥i. 
The above procedure must be changed as follows: 

(i) Check if  one of  the extra rows can reduce the 
number L[R(i,j)] of  any row that belongs to the square 
part of  the matrix (i.e., the sub-matrix that accomplishes 
#DP = #FR) without increasing the number U[R(i,j)].  
(ii) Permute rows that fulfill the anterior condition.  

4 DISCUSSION 
Various authors have already studied matrix 

rearrangement as we mentioned above. The present 
discussion is useful to find the advantages and disadvantages 
of  the proposed algorithm. For this purpose, the N. P. Suh 
[1990], T. Lee [2006], and Acclaro [2010] algorithms are used 
in the following subsections.  

4.1 T. LEE ALGORITHM 
We discuss the T. Lee [2006] algorithm first. For this 

purpose we use the design matrix in Fig. 13, which is an 
example obtained from Lee and Jeziorek [2006]. 
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 1 2 3 4 5 
1 X   X  
2 X X   X 
3  X X X  
4  X  X X 
5 X  X  X 

Figure 13. Original matrix. 

Applying the optimal strategy for eliminating coupling 
terms, T. Lee obtains a triangular matrix and only two non-
zero off-diagonal elements (1,4) and (5,3). Fig. 14 shows the 
resulting matrix. 

 
 1 2 3 4 5  1 5 2 4 3
1 X   X  1 X   X 
2 X X   X 5 X X   X
3  X X X  2 X X X  
4  X  X X 4  X X X 
5 X  X  X 3   X X X
 Original matrix  Rearranged matrix

by T. Lee algorithm
Figure 14. Rearrangement obtained with the optimum 

algorithm developed by T. Lee [2006]. 

Our EA leads to the matrix shown in Fig. 15. According 
to the EA, it is necessary to eliminate three terms to achieve a 
triangular matrix instead of  two as T. Lee algorithm indicates. 
This shows that our EA is not an optimum algorithm. 
 

 1 2 3 4 5  1 5 2 4 3
1 X   X  1 X    X
2 X X   X 5 X X  X 
3  X X X  2  X X  X
4  X  X X 4 X  X X 
5 X  X  X 3  X  X X
 Original matrix  Rearrange matrix by 

EA 
Figure 15. Rearrangement obtained with the EA. 

The difference between the T. Lee and EA algorithms 
comes from an arbitrary decision adopted by the EA: when 
there are two or more rows with the same number of  non-
zero elements, the selected row is always the first one. Perhaps, 
the second one might be a better option, but the algorithm 
does not have any criteria to fix it. This means that the EA is 
not an optimum algorithm. To solve this problem, it is 
necessary to run the algorithm for all of  the indecisions 
presented in the design matrix, by selecting a different row in 
each case. For example, the EA obtains the optimal result 
reported by T. Lee if  the rows are shifted down one step (i.e., 
if  the original matrix had the rows in the order 5,1,2,3,4). For 
this matrix, the EA gives the optimal result provided by the T. 
Lee method.   

The T. Lee method can rearrange square matrices that 
have the main diagonal completely filled with non-zero 
elements. In this procedure, the Xs in the design matrix (DM) 
are replaced with ones. Matrix A is equal to the transposed 
design matrix minus the identity matrix of  a size m x m 

(A=DMT-I). If  the DM is rectangular, the numbers of  FRs 
and DPs are not equal. Consequently, matrix B cannot be 
constructed because the value of  m is not well defined (m = 
vertices of  graph = FR-DP pairs). This problem exists 
because there is at least one FR that does not have a free DP 
to form a pair (or vice versa). If  the diagonal is not completely 
filled with non-zero elements, matrix A will have some 
negative element in the diagonal (i.e., if  DM(i,i)=0 then 
DMT(i,i)-I(i,i)=-1). In this case, the digraph will not have the 
corresponding vertex. Although EA is not an optimum 
algorithm, it can deal with rectangular matrices with blanks in 
the diagonal. In some cases, this can be an advantage that 
compensates for the fact that it is not an optimal algorithm. 

4.2 ACCLARO ALGORITHM 
Acclaro Software [2010] also solves square matrices that 

have non-zero elements in the main diagonal. In other cases, 
Acclaro considers these cases doubtful. As a consequence, it is 
not possible to use Acclaro for rearranging rectangular 
matrices or square matrices with zeros in the main diagonal. 

If  we compare the EA with Acclaro we obtain different 
results depending on the matrix considered. Due to the 
reasons given above, differences are obtained in matrices with 
one or more diagonal elements equal to zero and in 
rectangular matrices. Some different results are obtained for 
strongly coupled matrices like the one in Fig. 16. Acclaro gives 
a rearranged matrix exposed in Fig. 17 where five elements are 
over the main diagonal. For this case, the EA provides the 
matrix in Fig. 18 that has four non-zero elements above the 
main diagonal.  
 

1 2 3 4 5 6 
1 X X X  X 
2 X X   X  
3 X  X X 
4 X  X   
5 X X X X  
6 X  X  X 
Figure 16. Original matrix. 

1 2 3 4 5 6  1 4 6 2 3 5
1 X X X X 1 X X X X
2 X X X  4 X X  
3 X X X 6 X X X
4 X X  2 X   X X
5 X X X X  3   X X X
6 X X X 5  X  X X X

Original matrix  Matrix rearranged by 
Acclaro 

Figure 17. Rearrangement obtained with Acclaro 
Software [2010]. 
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 1 2 3 4 5 6  1 5 3 4 2 6
1 X  X X  X 4 X   X 
2 X X   X  2 X X   X
3   X  X X 3  X X  X
4 X   X   1 X  X X X
5  X X X X  5  X X X X
6 X   X  X 6  X  X X

 Original matrix  Matrix rearranged by 
EA 

Figure 18. Rearrangement obtained with the EA. 

4.3 N. P. SUH ALGORITHM 
The N. P. Suh algorithm [1990] accepts rectangular 

matrices and non-zero elements in the main diagonal. 
However, it presents some decision problems when all of  the 
rows in the matrix have the same number of  non-zero 
elements. To discuss the N. P. Suh algorithm we use the 
example given in [Suh, 1990, p. 116]. The design given is 
redundant (see Fig. 19), because there are more DPs than FRs.  

 
 1 2 3 4 5 6 7 
1 X  X   X X 
2 X X  X   X 
3 X X   X X  

Figure 19. Original matrix. 

This matrix is very particular because it has the same 
number of  non-zero elements in each row. This fact makes 
Suh’s algorithm leaves the matrix unaltered. However, as Suh 
[1990] discussed, it is possible to select three DPs and 
“freeze” the unnecessary ones. Depending on which three 
parameters are chosen, there are different square matrices that 
solve the problem. They are collected in Fig. 18. One of  them 
is uncoupled and the others are decoupled.  

 
 3 4 5   7 2 5   1 2 5
1 X    1 X    1 X 
2  X   2 X X   2 X X
3   X  3  X X  3 X X X

Figure 20. Three possible rearrangements given by N. P. 
Suh [1990]. 

When the matrix in Fig. 19 is introduced in the EA, the result 
depends on whether we have decided to use the second part 
of  the EA or not. When the objective is to find the most 
triangular matrix, the second phase of  the EA is not executed 
and the result is the matrix in Fig. 21. When the second phase 
of  the algorithm is executed the resulting matrix is the one in 
Fig. 22, which is the most diagonal one that the EA can 
achieve. Both matrices are the first and the third ones in Fig. 
18. In the first case (the most diagonal matrix) it would be 
convenient to eliminate DPs 1, 6 and 7 for obtaining a total 
diagonal matrix. In the second case (the most triangular 
matrix), it would be convenient to eliminate DPs 3, 6 and 7 
for obtaining a total triangular matrix.  
 
 

 
 
 

1 2 3 4 5 6 7  1 2 5 4 3 6 7
1 X  X   X X 1 X    X X X

2 X X  X   X 2 X X  X   X

3 X X   X X  3 X X X   X  

Original matrix  Triangular rearrangement
Figure 21. Rearrangement with EA: most triangular 

(phase 1). 

1 2 3 4 5 6 7  3 4 5 2 1 6 7
1 X  X   X X 1 X    X X X
2 X X  X   X 2  X  X X  X
3 X X   X X  3   X X X X  

Original matrix  Diagonal rearrangement
Figure 22. Rearrangement with EA: most diagonal 

(phase 2). 

5 CONCLUSION 
This article proposes an algorithm, based on an extension 

of  N.P. Suh’s algorithm, which allows the design matrix to be 
rearranged in two different ways: the most triangular matrix 
and the most diagonal matrix. When the design matrix is 
rectangular, it also indicates the best DPs or FRs to be 
removed. The procedure is based on a comparison of  three 
numbers: the number of  non-zero elements in each row, the 
number of  non-zero elements in each column below the 
diagonal element, and the number of  non-zero elements in 
each column above the diagonal element. Due to the 
simplicity of  the procedure, the extended algorithm is valid 
for a large number of  design matrices, and it is especially 
useful for strongly coupled matrices, i.e., for matrices with a 
large number of  DPs and FRs, and a large number of  non-
zero elements.  

More complex algorithms, like the optimum procedure 
described by T. Lee, solve the problem more accurately; 
however, they can only deal with square matrices whose 
elements in the main diagonal are all non-zero. Simpler 
algorithms, like the one described by N. P. Suh, are easier to 
implement and hence they can deal with more general 
matrices, such as rectangular matrices with empty elements in 
the main diagonal. However, it cannot achieve a final result if  
the number of  elements in each row is the same. This paper 
shows that it is possible to find a trade-off  between both 
characteristics. 

Simplicity is maintained because the procedure is based 
on changing the relative position of  rows and columns with a 
decision criterion based on the number of  non-zero elements 
in different positions of  the rows and columns. Thus, this 
decision criterion is direct, and hence the new decision 
structure allows matrix elements to be moved directly by 
reordering rows and columns. This can be an advantage if  the 
design matrix is large or if  it is very populated. 

Therefore, this paper shows that the proposed algorithm 
is halfway between the optimal and simplest algorithms. We 
conclude that it can be used to recognize when a matrix is 
coupled, decoupled or uncoupled. It can deal with large and 
very populated rectangular matrices without elements in the 
main diagonal. However, this paper shows that the proposed 
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algorithm is not optimal, and hence optimal algorithms, like 
the one described by T. Lee, are needed. 
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ABSTRACT 
When the design processes is executed, an existing 

axiomatic design becomes a coupled design when the 
Independence Axiom (Axiom 1) is unsatisfied. If  needed, 
designers are supposed to redesign from the beginning, which 
can be very troublesome. The LDU method, presented in this 
paper, is an easy way to revise design problems and proceed 
with design processes. The LDU method adopts the LDU 
decomposition method from linear algebra in axiomatic 
design, which is applied to the design matrix. When the design 
matrix is determined to be a coupled design, the design matrix 
is decomposed into a lower triangular matrix, diagonal matrix, 
and upper triangular matrix. These decomposed matrices are 
converted to decoupled designs through Functional 
Requirements (FRs*) and Design Parameters (DPs*), which 
are obtained by the FRs and DPs of  the coupled design. In 
order words, the LDU method can convert a coupled design 
into an uncoupled design through the FRs* and DPs*. 

Keywords: axiom, LDU method, decomposition 

1 INTRODUCTION 
1.1 THE INDEPENDENCE AXIOM IN AXIOMATIC 

DESIGN [Suh,1990; Suh 2001] 
An axiom is always considered to be true without any 

evidence of  disproof  or exceptions. In Axiomatic Design, 
there are two axioms that determine the design quality when 
designing products. The first axiom is the independence 
axiom, which maintains the independence of  the FRs. The 
second axiom is the minimization of  the design’s information 
content. The first axiom is the one discussed in this paper. 
The independence axiom describes the independence of  the 
functional requirements during the design processes. In other 
words, changing the DPs should maintain the independence 
of  the FRs through concrete physical selections. Uncoupled 
designs, which allow for complete independence between the 
FRs and DPs, and path dependent decoupled designs, can 
solve design problems without altering the design plans. For 
the case of  the FRs and DPs within a coupled design, there 
exist unique FRs, which lack flexibility and violate Axiom 1. 
Therefore, a coupled design is determined to be an 
unsatisfactory design and, therefore, needs to be revised. 

1.2 LDU DECOMPOSITION [Anton and Busby, 2003; 
Thomas, 2006] 

LDU decomposition is defined as a process to build a 
square matrix, “A”, via the multiplication of  three matrices, L 
(lower triangle matrix), D (diagonal matrix), and U (upper 
triangle matrix). Therefore, “A” can be expressed in terms of  a 
3X3 square matrix as shown in equation (1) 

 
 

      (1) 
 
 

 
Using this method, the number of  unknowns “n”, can be 

solved using “n” linear equations in the form of  Ax=b. If  
most matrices are composed of  zero and nonzero 
components centered around a diagonal line, then the 
problem can be more easily solved using the Gauss-Jordan 
elimination method, which is the general solution for a linear 
system. Merits of  the LDU decomposition method are used 
in axiomatic design when there are design problems due to the 
coupled design. 

2 SOULUTION FOR COUPLED DESIGN 
2.1 EXISTING PROCESS IN AXIOMATIC DESIGN 

 
Figure 1. Flow chart for the existing process in axiomatic 

design. 
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determined by way of  an upper triangular matrix, diagonal 
matrix, and lower triangular matrix within the hybrid car 
design. 

4 APPLICATION – ONE TIME USE CAMERA  
[Su et al. 2003] 

The design problems of  a one-time-use camera are 
adapted from Su et al. [2003]. Among the 6X6 design 
problems in the above mentioned journal, we will 
demonstrate how to solve coupled design problems with a 
3X3 matrix by employing our LDU method. FRs, DPs, and 
related matrices are given below. 

FR1: Able to advance film 
FR2: Able to show the amount of  film left or pictures 

taken 
FR3: Able to take picture 
DP1: Rolling mechanism 
DP2: Wheel counter mechanism 
DP3: Shutter mechanism 

 
Figure 11. Design matrix of  one time use camera 

As can be seen in the design matrix, the DP3 item does 
not influence FR2, which shows a typical coupled design form 
of  the design matrix. The design problems in the original 
paper do not give concrete parameters for the DPs. Even with 
this design case, designers have to revise their designs in order 
to execute their design processes. The LDU method can solve 
this kind of  design problem via revising designs and 
complying with axioms in the design processes, as shown in 
figure 12. 

5 CONCLUSIONS 
When executing the design processes using the existing 

axiomatic method, designers are supposed to redesign if their 
designs do not comply with Axiom 1. By utilizing the LDU 
method presented in this paper, designers are given the tools 
to discover ways to revise their designs without having 
compliance problems with Axiom 1. Also, this method will 
give designers solutions for coupled design problems when in 
the middle of the design processes. 

However, this method is still is not ideal because when one of 
the FRs affects other DPs in the same way as when using the 
LDU method, its design matrix cannot use LDU decomposition 
like a coupled design case. The solution to this type of problem 
must be studied and developed in more detail. 
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ABSTRACT 
The laws of  natural science do not depend on the 

observer, but applications of  design science depend on the 
designer. Therefore, it is usual to say that applications in 
design are subjective whereas the laws of  natural science are 
objective. 

This paper compares the asserted objectivity of  a 
scientific experiment to the alleged subjectivity of  a design. To 
discuss this issue, we introduce the idea of  “functional 
repeatability” that applies to both natural experiments and 
design processes. In fact, if  one defines a certain target to be 
achieved by two designs teams, the resulting design objects 
would be most likely different but they might repeat the same 
set of  functions.  

Over the centuries, scientists used the notion of  
functional repeatability to prove proposed laws of  natural 
science. The development of  a Design Science might also use 
the notion of  functional repeatability in order to be ruled by 
universal laws.  

Keywords: Design Science, Axiomatic Design, Experiment. 

1 INTRODUCTION 
The process of  designing a new object is systematic and 

methodical, but also intuitive and disorderly, involving 
methodical, heuristic and creative processes [Hubka and Eder, 
1996]. The formation of  a new idea uses all of  these 
processes; nevertheless the psychological process that occurs 
in the mind is still unknown. Karl Popper [1959] stated “there 
is no logical method for conceiving new ideas or logically 
rebuilding its process”. Moreover, he said that although the 
process of  coming up with an idea “can be of  great interest to 
empirical psychology, it is however irrelevant to the logical 
analysis of  scientific knowledge”.  

The set of  psychological processes that lead to creativity 
have a relevant social role, although strictly outside of  the 
definition of  Science. To achieve this relevance, creativity in 
engineering has to take into account the required level of  
quality and cost [Taguchi, 1995]. Yet, quality and cost depend 
not only on a set of  physical conditions, but also on aesthetics 
and other disciplines outside the scope of  the Natural 
Sciences. 

Different people will have different ideas, therefore an 
idea for an engineering product will certainly use different 
shapes and different components depending on the designer. 

Nevertheless, any idea that is generated must be analyzed with 
the help of  logical and systematic procedures. These 
evaluation procedures lead to a total or partial acceptation, or 
even to the rejection of  the idea, which in turn originates 
other psychological processes. During this analysis, the natural 
sciences assist in the appraisal of  the physical behaviour of  
the design. 

The engineering design process can be divided into at 
least three phases: the first is the identification of  societal 
needs; the second is the creative phase where psychological 
processes prevail; and the third is the evaluation phase, which 
is analytical and corresponds to the rational evaluation of  the 
proposed solution. In this phase, rational and empirical 
experiments led by applied sciences help in the decision of  
accepting or changing the solution that was proposed. 

The current tendency of  modern social sciences is to 
incorporate the processes of  all the three phases. As most of  
the phenomena of  the first and second phases depend on the 
context where they occur, such trends lead to different laws 
depending on the instance and/or on the participants, and are 
supported by constructivist theories, which use different 
explanations for each phenomenon according to the context 
where it occurs. Therefore, those explanations can never be 
refuted by other experiments because they apply to particular 
contexts. For this reason, one might question if  the specific 
science under discussion is holistic and can explain everything, 
or if  it is bounded. Assuming the holistic hypothesis, the 
science will always have a particular answer for each given 
question. On the contrary, the laws in the natural sciences are 
universal and the right combination of  those laws allows an 
explanation for each observable fact to be deduced. 

Using the natural science approach, the authors restrict 
the scope of  this paper to the physical aspects of  the solution 
under analysis during the evaluation phase of  the design. 
Psychological methods of  formulating ideas, such as 
marketing studies or aesthetics considerations are not in the 
scope of  this paper. 

2 PHILOSOPHY OF SCIENCE 
Any science has a method that supports its experiments 

and allows the corresponding knowledge database with 
scientific applications to be created. In the late development 
stages of  a scientific theory, it is possible to organize this 
knowledge in an axiomatic structure. One might notice that 
empirical tests can never be performed directly over a set of  
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axioms to check if  they express the reality. To evaluate if  it is a 
science, the consequences of  the axioms must be empirically 
verifiable. Only testing empirical propositions taken from the 
theory allows the theory to be maintained or rejected, 
depending on the results. 

2.1 THE METHOD IN SCIENCE 
Different philosophical schools have proposed different 

solutions on how to accept a physical law. Auguste Comte 
[1826] proposed the Scientific Positivism theory, a dogmatic 
conception of  scientific laws.  He said that “the combined use 
of  reason and observation" allows the achievement of  natural 
“effective laws or, in other words, their invariable relations of  
succession and resemblance". 

Others decided not to accept dogmatism in science and 
proposed that it is possible to obtain an agreement between 
an experiment and a law, after subjecting the law to an 
exhaustive set of  experiments. This exhaustive approach 
would lead to an infinite number of  experiments. After a large 
number of  experiments, a "sense of  certainty” would occur, 
allowing people to believe in the agreement between the 
experiment and the physical law. Therefore, the agreement 
would come from psychological evidence, which gave the 
name “Psychologism” to this philosophical approach. Fries 
enunciated this trilemma of  the method in science as choosing 
between dogmatism, an infinite series of  experiments or 
psychologism. 

Karl Popper [1959] solved this trilemma stating that it is 
possible to keep the acceptance of  a physical law, until an 
experiment refutes it. This method, called the empirical 
sceptic method, sustains that the following statement 
characterizes the laws of  nature: “a convention or decision 
does not immediately determine our acceptance of  universal 
statements, but rather influences the acceptance of  individual 
statements, i.e., basic statements" [4]. In other words, suppose 
that there is a universal statement, or law « t », and a basic 
statement, or proposition « p », about a certain experiment. 
Popper proposes that the scientific method should follow the 
modus tollens, i.e., using the common logic symbols:  

 
((t→p)∧ ~p) → ~t     (1) 
 
According to Karl Popper, only the propositions 

associated with experiments can be confirmed or refuted.  
Therefore, "an axiomatic system cannot be seen as a system 
of  empirical or scientific hypotheses, because it can not be 
rejected through the falsification of  its consequences" [Popper, 
1959]. Only the rejection of  basic propositions allows 
rejecting a theory.  

Put in another way, the criterion for defining a science is 
the possibility to rebut any universal statement when a 
statement derived from the former is refuted. In the natural 
sciences, any statement should be refuted if  a set of  variables 
determines a consequence that is not supported by the 
relevant law. In this case, the cause-effect chain of  the set of  
functions that describes the phenomenon leads to an 
unexpected result. Notice that the refutation of  a natural law 
only depends on the non-corroboration between the predicted 
results of  the set of  functions and those taken from only one 
experiment. As a consequence, the knowledge that cannot 

undergo experimental verification is not in the scope of  
science. 

2.2 THE SCIENTIFIC EXPERIMENT 
As emphasized in the sections above, the development of  

science was made on the basis of  experiments that were 
carried out to prove theories. These experiments are usually 
of  a physical nature but they may also be rational, meaning 
that they take place just in the realm of  the mind. Einstein 
described Science as being “an instrument by which men are 
able to obtain concepts of  reality, verified by a systematic 
deduction of  empirical formulations". This rationalistic 
construction makes use of  mathematics and logic to bestow 
objectivity to science. Therefore, the objectivity of  the 
scientist relies on mathematics. 

For this reason, the results deducted from mathematical 
functions can be observed in different experiments. This 
means that the repeatability of  an experiment does not occur 
in the realm of  the experiment, but in the domain of  
mathematics. In fact, several different physical experiments 
can be carried out under multiple conditions as a means to 
verify if  their results go with a certain proposed theory. 

Let us suppose that we could go back to Galileo Galilei’s 
times to observe the experiment that he supposedly 
conducted at the Pisa Tower. Against the long established 
Aristotle’s law, Galileo argued that two masses dropping from 
the same height, would reach the soil with the same velocity. 
He probably has used a cannon and a musket shot because 
they were easy to obtain, not because he wanted to prove his 
theory for these two specific objects. Although the physical 
experiments with those two objects are different, they 
confirmed the law that governs the phenomenon, and 
Galileo’s theory was found to be true, no matter what masses 
one uses, provided that the drag effect of  the air can be 
neglected.  

The reader can imagine different experiments to confirm 
Newton’s second law of  acceleration, Clausius’ first law of  
Thermodynamics or the equation of  state for ideal gases.  

Therefore, there is no such thing as the physical 
repeatability of  a given experiment, only the validation of  the 
corresponding law. This means that the experiment 
repeatability is tested in the functional domain, a non-physical 
realm to which the natural law belongs. 

Various design theories make use of  the separation 
between the physical and the functional domains, as it will be 
seen in the next section.   
3 THE DOMAINS IN DESIGN SCIENCE  

The economist Adam Smith was probably the first 
person to suggest the notion of  function applied to the social 
activities of  different groups of  individuals. More recently, 
Lawrence D. Miles introduced the notion of  function in 
design, by using it in the Value Analysis (VA) theory. This 
theory, proposed in 1947, occurred to Miles as an answer to 
the need for purchasing parts for General Electric Co. The 
scarcity of  components and raw materials led Miles to search 
for equipments and parts that accomplished the same 
functions, instead of  trying to find the components 
themselves.  
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Usually, a function in VA is a verbalization labelling with 
one or more nouns, which expresses the ultimate aim of  the 
effect of  a certain product [EUR 16096, 1995].  

Hubka and Eder [1996] regarded the functions of  a 
technical system as the general behaviour of  the system, 
highlighting the relation between the functions and the 
mechanical parts. 

Pahl and Beitz’s [2001] concept of  function is the 
relationship between the inputs and the outputs of  a system, 
which may be materials, energy or signals. They start by 
defining a global function during the so-called conceptual 
project phase, which is divided into other functions and sub-
functions at deeper levels of  detail. The set of  functions and 
sub-functions creates a functional structure that helps to find 
a solution and answers completely the design question: “What 
are we trying to achieve?” 

Axiomatic Design Theory [Suh, 1990], also uses the same 
concept of  function, but describes the process of  designing as 
a permanent dialogue between the functions and the 
components, the so-called physical parameters, that allow the 
design to be accomplished. Therefore, design uses two 
different domains: one that contains the achievement and the 
other that contains the way to achieve it. The achievement, in 
the form of  a set of  functional requirements (FRs), is 
decomposed in an arrangement of  functions of  the type 
father-son. The same process applies to the physical domain, 
where the decomposition of  the design parameters (DPs) 
occurs. Ideally, at any given level of  the decomposition 
process, each FR should interact with a single, specific DP at 
the same level, so that any chosen DP would enforce a new 
FR at the subsequent decomposition level. Therefore, design 
is a permanent zigzagging between both domains, at 
consecutive levels of  definition, as depicted in Figure 1. 
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Figure 1. Domains of  the design. 

Each design may have constrains that could influence the 
choice of  some DPs during the zigzagging process. These 
constrains, Cs, can be, a for example, the maximum weight, 
the minimum height, the allowable price, or any other general 
characteristic of  the design object. The above-described 
domains also pertain to the world of  experiments, for the 
physical experiment occurs in the physical domain in order to 
validate a proposed function. As a result, the epistemology of  
the experiment is similar to the epistemology of  the design. 
Nevertheless, while science assumes experiments as 
appropriate to validate functions, in design, functions are 

known at the onset and one wants to find out the design 
parameters, i.e., how to accomplish those functions. 

4 THE EXPERIMENT AND THE DESIGN 
Having verified the similarities between an experiment 

and a design, Eekels [2001] deemed experiments in natural 
science and design as “Siamese twins”. Eekels diverges from 
Popper, in that the former accepts the use of  the induction 
and abduction methods as a means of  proving scientific 
theories. Although Popper agrees that those methods help 
create hypotheses, he only proposes the use of  the modus tollens 
as a means to check the agreement between a proposition and 
the result of  an experiment. 

As for Eekels [2001], the use of  propositions allows 
experiments and designs to be created which produce similar 
conclusions. To describe this similarity, he considers that a set 
of  propositions « ri » describes the initial state of  a physical 
experiment. Then, if  « rf  » describes the final state and « qe » 
is the set of  propositions involved in the prediction of  the 
experiment, one concludes « qe » from the propositions « ri ». 
Therefore, the theory is verified if  the difference |rf-qe|<ε, in 
which ε is arbitrarily small, depending on the physical reality. 
If  one conjugates « ri » with the set of  propositions « exp » 
describing the experiment, then one obtains « rf  », which is 
equivalent to saying that ri^exp→rf. Moreover, if  « rf  » is 
close to « qe », one can substitute « qe » for « rf  ». This results 
in the following equation: 

  
   ri^exp→ qe          (2) 
 

where « exp » is given and « qe » must be obtained with the 
support of  a theory, a process that represents an increase of  
knowledge about a certain subject, or the process of  
“knowing”.  

In Design, a rational construction might attain the 
proposed design « qd » by conjugating the initial propositions 
« ri » with those of  the design « dsgn », which is the same as 
saying ri^dsgn→rf. If  one obtains the final set of  
propositions « rf  » and if  it verifies « qd », then the following 
equation holds:  

 
   ri ^dsgn→ qd          (3) 
 

where “« qd » is given and « dsgn » must be obtained”, which 
corresponds to the process of  designing, which Eekels called 
the process of  “doing”. 

 Therefore, “the inference « qe » and the design « dsgn » 
are both forms of  creativity” [Eekels 2001], causing the 
processes of  “knowing” and of  “doing” to be similar. 
“Knowing” aims to obtain the result of  the implication, taking 
the experiment for granted; while “doing” grants the result 
and specifies the premise set of  the implication. 

Let us suppose that someone wants to design a system to 
supply a specific airflow to a chamber, in such a condition that 
the air velocity in the occupancy zone of  the chamber does 
not exceed 0.2 m/s. In this case, « ri » would be the set of  
propositions that defines the geometry of  the chamber and 
some knowledge about the different systems that can be used 
to supply air to the chamber. In this example « qd » is a 
proposition stating the prescribed airflow and the maximum 
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air velocity that is allowed in the occupancy area. « rf  » is the 
result of  the design: the data measured in different points of  
the chamber that allows deciding if  the error |rf-qd| is 
negligible. And, « dsgn » is the set of  propositions that define 
the kind and the location of  all the air diffusers, their air 
velocity and the airflow direction. 

5 REPEATABILITY IN DESIGN AND IN THE 
SCIENTIFIC EXPERIMENT  

From the section above, the physical model and the 
scientific experiment play an important role in obtaining a 
solution in the world of  design. 

In the natural sciences no one knows, a priori, what 
physical experiment will validate the hypothesis of  the theory 
« qe ». Therefore, the experiment « exp » has a similar role as 
the design, like in finding « qd » from the design reality « ri ». 
Scientists compare the predictions of  the set of  functions that 
describe a phenomenon, with the results of  various 
experiments of  different formats, allowing them to accept or 
to reject a theory. Because they use different experiments at 
different conditions, the confirmation of  natural laws does 
not take place in the physical domain, but in the functional 
domain. 

Therefore, equations (2) and (3) are equivalent and the 
fulfilment of  the design depends on obtaining a physical 
prototype that can perform the required functions. 

Different projects that perform the same functions will 
lead to repeatability, in the same sense that repeatability exists 
in the physical experiments. We will call the repeatability based 
on the verification of  functions as “functional repeatability”. 
Assuming the modus tollens as the support of  the scientific 
discovery, then if  « exp » has been carried out appropriately 
and « qe » is not verified, then either « ri » is false or some faux 
pas has been committed in the process of  deduction. 
 
  ~qe→ ~( ri^exp)                (4) 

 
If  « qd » is false, then either the initial functions are not 

possible or the design is incorrect: 
 
  ~qd→ ~( ri^dsgn)                       (5) 

 
Applying equation (5) to the example above, and should 

the attained air velocity be larger than 0.2 m/s, then one could 
conclude that the diffuser design might have been inaccurately 
selected or the data concerning the chamber is incorrect.    

 Thus, any design object described through the functions 
it performs, possesses functional repeatability in the same 
sense that there is functional repeatability in any scientific 
experiment. However, there is an ontological difference 
between design and experiments: the aim of  an experiment is 
to validate a proposed function, while the aim of  a design is to 
know whether a proposed design object performs a given set 
of  functions.  

The functional repeatability criterion must rule the 
assessment of  different physical concepts, as a given design 
object will be functionally equivalent to another one if  it 
strictly performs the same set of  functions.  

As a result, given the same problem to solve and after 
establishing the functions to fulfil, one can see that different 
designers will produce functionally equivalent designs, 
although physically different.  
Thus, one can apply Poper’s definition of  science to the 
design, which means that at least in the above-mentioned third 
phase of  the design process, the behaviour of  the design 
objects will be checked against the functions that they might 
perform. Additionally, although being very important in 
engineering, the creative process does not belong to the field 
of  natural science. In fact, the lack of  repeatability of  the 
physical result of  the creative process, i.e., the design object, 
makes it impossible to use the method of  natural science. 

6 CONCLUSION 
The aim of  this paper is to define a design epistemology 

by comparing the processes that are present in design and in 
scientific experiments. We introduce the notion of  “functional 
repeatability”, which is common to both the design process 
and physical experiments. There will be functional 
repeatability in different design objects if  they perform the 
same prescribed set of  functions. The aforementioned 
repeatability also occurs in experiments of  different kinds that 
are used in the validation of  a scientific theory. 

The notion of  functional repeatability makes it possible 
to use the scientific method in Design Science, so that design 
objects can be objectively evaluated. 
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ABSTRACT 
This paper presents a new model for process optimization 

based on the evaluation of  the process coupling using 
Axiomatic Design (AD). The model developed allows the 
evaluation of  the efficiency of  a process thanks to the use of  
a Process Design Matrix. This matrix links the basic process 
activities considering them as elements of  an oriented graph. 
The result is the capability to evaluate the mean number of  
iterations needed to produce a product/service, the related 
cost and the overall efficiency of  the process. Moreover, if  the 
Process Design Matrix is merged with the information 
regarding the resources needed for each process phase, it 
could be used to simplify the definition of  a Material 
Requirement Planning system for the process itself. This 
approach has been applied to an industrial case study and the 
ad-hoc MRP software has been developed starting from the 
input of  this application.   

Keywords: Axiomatic Design, Business Process Analysis, 
MRP, design coupling, ABC. 

1 INTRODUCTION 
Guided by the design axioms, Axiomatic Design [Suh, 

1990] (AD) maps the functional requirements FRi to the 
Design Parameters DPi. This approach has been usually 
applied to the field of  mechanical and system design because 
this application is the easiest to be implemented due to a clear 
definition of  the FRs and the related performance measure of  
the product or system.  

The proposed model wants to explore how AD could be 
applied to process design, with special regard to the evaluation 
and optimization of  manufacturing process efficiency. A first 
model has been developed [Campatelli and Citti, 2009], where 
the AD representation has been adapted for process efficiency 
analysis implementing a new domain, the resource domain 
(that contains the Resource Needs - RNs), in order to evaluate 
the process costs. The RNs represent the amount of  

cost/resources needed to carry out a single phase of  the 
process. The scheme of  the 5 domains is presented in Figure 
1 where the connection between the DPs and RNs is done 
thanks to a Resource Matrix [Campatelli and Citti, 2009].  

 
Figure 1. Five domains of  the approach. 

Another study regarding how to apply the AD approach 
to the process design has been carried out by many authors. 
Gonçalves-Coelho and Mourãoa focused their work on 
manufacturing processes [Gonçalves-Coelho and Mourãoa, 
2007], developing an approach to select the best 
manufacturing process for a specific component. 
Manufacturing process redesign has been studied [Kulaka et al.,  
2005] with special care on the implementation of  optimized 
manufacturing cells instead of  more traditional processes. 
Moreover Tang et al. [2009], as many others, worked to merge 
together AD with the Design Structured Matrix, an approach 
that has a longer experience in process design.  The aim of  
this paper is to present an AD framework for the analysis of  
processes and a series of  guidelines for process optimization, 
based on the evaluation of  the design coupling for the process. 

2 PROPOSED APPROACH 
The implementation of  the AD method to processes 

requires, while maintaining the basic structure, some specific 
definitions of  the domains and variables. In case of  a process, 
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for example, it is trivial but really useful to remind oneself  
that the DPs must be phases or activities of  the whole process.  

Another relevant difference between product and process 
analysis is the definition of  satisfaction. For a product the 
information content is the inverse of  the probability of  
satisfying the FRs, providing a performance within its range 
of  tolerances. It is possible to determine if  a certain product 
complies or not with a functional requirement, for example, 
with the measurement of  its properties (diameter, surface 
finish, length, etc.) and adopting a boolean gage. In case of  
processes, customer satisfaction is usually represented using a 
fuzzy variable [Tahera et al., 2008] instead of  a Boolean one. 
This application is not new for AD [Cebi and Kahraman, 
2010] and this feature is always verified in the field of  process 
design. This means that there is not a fixed threshold value for 
which the process output is fully unsatisfactory but its 
satisfaction assumes a different value ranging from 0 to 100% 
depending on the process output value. Often a satisfaction 
curve is used, as the one reported in Figure 2 that could 
represent, for example, the satisfaction associated to the 
delivery time of  a requested service. Too low or high a 
delivery time could represent an issue for the production 
management of  the customer but there are values for which 
the service is acceptable also if  not fully satisfactory. 

 

 
Figure 2. Satisfaction curve. 

Due to this issue, the common range is no longer the 
simple intersection between the system and design ranges. For 
the evaluation of  the “degree” of  satisfaction in the case of  
processes is necessary to multiply the two functions of  system 
and design range. An example of  the resulting value is 
presented in Figure 3, where, calling p the probability of  the 
system range and s the satisfaction value, the probability 
distribution will be p *s, and the probability of  the common 
range is now the area under the light gray line. 
 

 
Figure 3. Process Common Range. 

Regarding the evaluation of  the degree of  coupling for the 
process design is necessary to develop a mathematical 
representation more fit for process, where iterative loops are 
usually present. Our idea is to use a new concept of  Design 
Matrix that could be better applied to evaluate the efficiency 
of  the designed processes. The processes could be usually 
modeled as directed graphs, for which an efficient 
representation is a matrix where row and column elements are 
the steps of  the process itself. The steps of  the process must 
be DPs, because they are actions performed to satisfy a 
specific FR. If  we consider in the oriented graph 
representation only the basic activities, all of  these must be 
the DP leaves of  the AD decomposition. The matrix that 
represents the oriented graph of  the process has been called 
Process Design Matrix, later PDM, and it will be used to link 
together the terminal leaves of  the DP tree. This matrix could 
not substitute the classical design matrix that links FRs to DPs, 
but it is an additional support to evaluate the process 
efficiency thanks to the analysis of  its coupling. 

In the application of  AD to process design, the DP leaves 
could all be considered basic operations of  the process. This 
definition implies that the resources consumed by these leaves 
could be computed easily because they are independent of  
other phases of  the process. Using this representation each 
basic operation is associated with a row/column element of  
the matrix, and the arches indicate the logical junctions 
between basic activities; in the matrix, the aij elements 
represents the probability to start the i activity once the j 
activity is finished. If  the i activity needs 2 or more other 
activities to start, it’s necessary to use a decision node after 
each of  them to ensure the continuation of  the flow with a 
probability less than 1. 

In Figure 4 a graphical and matrix representation is 
presented for a simple process. 

 

 
 

Figure 4. Graph and matrix representation. 

In the matrix, the number of  non zero values in each 
column are the total exits from the related node while the 
number of  non zero values in a row are the total entrances in 
the node. An interesting property of  the PDM is that this 
representation enables the designer to evaluate statistically 
how many basic operations will be performed to create a new 
product/service. This could be obtained by simply multiplying 
the matrix for itself  until it “stabilizes” and only the two first 
rows assume values different from zero. This multiplying 
process is, mathematically, equal to the search of  the 
eigenvectors of  the matrix so also other numerical methods 
could be used to obtain such data. The multiplication is a 
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simple approach to numerically extract this information from 
the matrix. 

An example for the matrix in Figure 4 is reported in 
Figure 5 which computes the mean number of  times that a 
basic operation is performed for every produced unit. In this 
case the number of  multiplications used to obtain a stable 
matrix is 60.  
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Figure 5. Processed PDM. 

Considering the first row of  the processed PDM, it is possible 
to verify that the mean number of  times that operation A will 
be performed is 3,33, the same as B, while the operation C 
accounts for 2,33, D for 1, and the supporting columns 
“start” and “end”, obviously, 1 time each.  

The main advantage of  this representation is that, given 
the probability of  a complex process in the PDM, it is 
possible in the design phase to obtain the mean number of  
times that an operation must be performed in order to 
produce a single unit. This could be used for the evaluation of  
the mean production cost if  the matrix is multiplied for the 
vector of  the manufacturing cost associated with each 
operation.  

3 GENERAL APPROACH FOR PROCESS 
OPTIMIZATION 

The idea of  this paper is to evaluate if  some general 
theorem could be developed to be included in the AD theory 
for the special field of  process design. The first issue is the 
definition of  the coupling of  the PDM because, although this 
matrix is square by design, its diagonal is always zero. This 
implies that, differently from a classical DM, the PDM degree 
of  coupling must be computed considering each single 
column and not for the whole matrix. It must be noted that 
the less coupled designs in AD are the ones where there is a 
single value in each column (diagonal matrix) and the coupling 
becomes greater increasing the number of  non zero elements 
in each column (triangular and full matrix). This definition 
could be used to assess the coupling of  the PDM. The 
coupling of  the PDM could be analyzed also considering the 
study of  Arcidiacono et al. [Arcidiacono et al., 2001], where the 
coupling of  the DM is computed considering not only the 
number of  extradiagonal elements but also its numerical 
values and of  Lee and Jeziorek [Lee and Jeziorek, 2006] where 
a model to compare the coupling of  alternative 
solution/matrix includes also the FRs’ and DPs’ variation and 
introduce the concept of  design equivalence.   

Appling these concepts to the PDM it could be asserted 
that the least coupled solution is the one with only one 
element for each column. The PDM degree of  coupling 
increases when the values of  non zero elements increases. 
Physically this means that the process became iterative and the 
number of  times that the iterations are performed increases. 

In this case, it could be useful, after creating the PDM, to 
perform a rearrangement of  the matrix in order to graphically 
have the non-zero elements as near as possible to the diagonal. 
Differently from the DM, the diagonal would be zero, apart 
from the a11 element that is the starting condition of  the 
process. 

By simulating the PDM with different degrees of  coupling 
it is possible to prove that the reduction of  coupling brings 
also a reduction of  cost for the production of  a 
product/service. A simple example is reported in Figure 6 
where the graph of  cost with respect to the degree of  
coupling (descending) is plotted for the case of  Figure 4. The 
degree of  coupling has been reduced by considering an 
increasing a53 element. When this element is 1 the 
complimentary value a43 is zero and the matrix is fully 
decoupled. The resource vector considered has a cost of  1 for 
each basic operation. 
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Figure 6. Graph of  cost/decoupling. 

Another example could be performed for a more coupled 
matrix, as the one reported in Figure 7. This is a parametric 
matrix in terms of  x. Increasing the value of  x, it is possible 
to reduce the coupling until the full decoupled matrix is 
obtained. The basic operation costs considered are still 1. 
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Figure 7. Matrix and cost analysis. 

Also in this case the less coupled matrix, the more 
efficient the designed process is. In general the shape of  the 
cost function depends on the PDM but the trend is always 
decreasing with respect to the decoupling. 

From these simulated tests is possible to define the 
following theorem: 
 
Process Efficiency Theorem: A more coupled matrix, in the PDM 
sense, always produces a more resource expensive process on average. 
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This means that the most efficient solution is the most 
decoupled in the PDM sense.  

4 PDM MATRIX FOR MRP 
The PDM representation could be also useful for the 
definition of  the MRP (Material Requirement Planning) 
associated with the manufacturing process. In order to obtain 
the number of  items/resources needed for the production of  
one unit, it is possible to use the RNs matrix that links the 
activities (DP leaves) to the resources needed. An example is 
reported in Figure 8. 
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Activity 1 2 1 0.5 
Activity 2 3 1 
Activity 3 2 
Activity 4 1.5 
Activity 5 0.3 0.7 
Activity 6 2 
Activity 7 2 

 
Figure 8. Example of  Resource Matrix. 

By multiplying the RNs matrix for the vector given by the first 
row of  the processed PDM, it is possible to obtain not only 
the costs but also the quantity of  an item/resources needed. 
This is the basis for the MRP. The analysis of  resources/cost 
associated with the production of  one unit of  
product/service does not consider that the cost of  a rework 
could be different from the cost of  the first time that the 
original operation is performed. Due to the nature of  the 
operation this cost could be either lower or greater with 
respect to the initial one. The developed approach does not 
take into account such variation because it is supposed that 
the rework would happen a reduced number of  times so some 
differences among costs would induce a small error on the 
average production. However this problem could be solved by 
adopting a solution similar to the DSM rework matrix [Yassine 
et al., 2001], although this is not considered in the actual work. 

5 CASE STUDY: MANUFACTUTING COMPANY 
This approach has been applied to a mattresses 

manufacturer of  the Tuscan area that works mainly for the 
large distribution and is a world leader. The main problem of  
this organization is the large number of  customers and the 
high degree of  customization of  its products. There are more 
than 10.000 different product codes. The most used format 
of  mattress are four:  “normal” or “oversized” and both of  
them can be produced in two different ways, “closed” or 
“removable”; the last one is a mattress with a side zipper that 
allows it to be opened for an easy wash. “Normal” products 
are easier and their development is always the same. However, 

the “oversized” mattresses have an artisan component that 
makes the development in a production line difficult. The 
mattress is composed of  an internal core, usually a PP or latex 
sheet (more than 30 type are possible), that is bought 
externally, and the cover, composed by a side band and two 
quilted towels. The final production step is the shipping that 
could be done in different way (i.e. with or without vacuum 
packaging). The purpose of  the study has been to obtain and 
improve the process map and reduce the WIP and the not 
value added phases using the AD approach.  

The first step for the optimization of  the process has been 
the evaluation of  the customer needs and their translation into 
FRs. Starting from them, a classical DM has been built and 
the process has been optimized using the classical approach. 
At  the end, about 60 FRs and DPs of  the lowest (the 5th) 
level have been found. The first level is presented in Figure 9 
while the FR1x and DP1x are presented in Figure 10. 
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FR1: 3 kind mattresses production mix X 0 0 0 0
FR2: Satisfy high and constant customer 

demand 
0 x 0 0 0

FR3: Keep down the selling price  0 x x 0 0
FR4: Short lead time for the customer 0 x 0 x 0
FR5: Customization 0 0 0 x x 

 
Figure 9. First level DM matrix. 

Thanks to this approach, the manufacturing process has been 
redesigned. One of  the main results obtained has been the 
decoupling of  the material flux from the information one. 
Another action has been the definition of  two sub-processes 
to decoupled the flux of  standard and oversize mattresses, 
that have different needs. For the first type, a more linear and 
flow tended process has been designed, while for the other a 
very flexible job shop cell has been preferred. According to 
the decreased coupling of  the matrix we have obtained a more 
efficient process. The 3 months of  process monitoring have 
proven that at least a 5% reduction in the manufacturing cost 
has been obtained. This is due mainly to the reduction of  time 
needed to equip the machinery, to carry the materials and a 
little reduction of  used semi-products due to greater process 
reliability.  
After the optimization, to evaluate the production cost, a 
PDM between the 60 DP leaves has been implemented. The 
matrix relates DPs from different level. An example of  a small 
part of  the PDM is reported in Figure 11. 
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Figure 10. Part of  PDM for case study. 
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Figure 11. Part of  PDM for case study. 

In order to evaluate the costs of  the basic operations 
represented by the DPs, an ABC analysis [Homburg, 200] has 
been performed. 

6 CONCLUSION 
The developed approach has been tested and validated 

thanks to an application to a manufacturing company. In 
particular this approach has shown the following issues: 
• it provides a definition of  information content well suited 

for processes 
• it allows an easy and fast identification of  the coupling of  

the processes thanks to the study of  PDM;  
• it suggests which process step must be modified in order 

to improve the process;  
• it allows a fast evaluation of  the total manufacturing costs; 
• the company MRP could be easily built starting from these 

data; 
• a general Process Efficiency Theorem has been defined to 

evaluate the process efficiency. 
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ABSTRACT 
The objective of this work is to facilitate the use of 

axiomatic design in two ways. One is by improving the 
understanding of the process of decomposing with thematic 
characterization and design taxonomies. The other is through 
appropriate prioritization within decompositions. These are 
important because difficulties in developing a good 
decomposition, and appropriately prioritizing the elements, 
are common impediments to using axiomatic design 
effectively. Good hierarchical decompositions are essential for 
describing and developing the design. Appropriate 
prioritization can be important for applying the first axiom. In 
addition, thematic categorization and design taxonomies can 
expedite the development of new decompositions and 
facilitate the reuse of previous decompositions. 
Keywords: thematic characterization, taxonomy, design 
decomposition. 

1 INTRODUCTION 
The general objective of this paper is to discuss ways to 

facilitate the use of axiomatic design and make it a more 
effective tool for a broader range of practitioners and design 
problems. The specific objectives are to address two common 
difficulties in using axiomatic design. One difficulty is 
addressed by methods that can be used to develop good 
hierarchical decompositions, which are effective for the 
application of the axioms. Another difficulty is addressed by a 
system for prioritization of functional requirements (FRs) that 
can be used in the upper levels of the top down 
decomposition process. This system will avoid erroneous 
assessment of upper level coupling in the design matrix 
thereby facilitating compliance with axiom one. 

Philosophically and literally it is the application of the 
axioms during the process of finding a design solution that 
distinguishes axiomatic design from other design methods. 
The axioms can be most effectively applied when the design is 
structured in such a way that best accommodates that 
application. This structure can be developed through the 
process of creating a hierarchical decomposition. Practically, 
there is much value in a good hierarchical decomposition of a 
design, e.g., for organizing and communicating design 
concepts. 

The ability to develop a good hierarchical decomposition 
is essential for the effective application of axiomatic design. 

Developing a good decomposition is often the first 
impediment designers perceive in attempting to use axiomatic 
design. This paper is intended to aid designers in developing 
methods for recognizing and developing good 
decompositions.  

Appropriate prioritization of FRs at the highest levels can 
be important in developing good design solutions. The lack of 
appropriate prioritization can lead to the erroneous 
assignment of interactions at abstract levels, high in the design 
solution hierarchy. This causes problems in developing the 
lower levels of the decomposition. This problematic, 
erroneous assignment of coupling occurs in practice during 
attempts to apply axiomatic design.  

Interactions that cause violations of axiom one often 
depend on the details of the design that are only evident when 
the lowest levels have been developed during the top-down 
decomposition process. At the highest, and more abstract, 
levels in the decomposition, interactions are often assigned 
based on some perception of possible or imagined couplings. 
This can lead to an assumption of coupling that appears to be 
irresolvable at the highest levels and inhibits further 
application of axiom one during the development of the 
design details.   

1.1 STATE OF THE ART 
Suh [1990] proposes that design solutions can be 

developed through hierarchical decompositions, which are 
developed through a process of zigzagging between the 
required functions of the design (FRs) and the physical 
aspects of the design solutions (design parameters, DPs). The 
design solution is developed top down through levels of 
abstraction from general aspects of the solution to more 
specific aspects until further decomposition is unnecessary 
because the rest of the solution is obvious. It can be said that 
Suh [1990] proposes two kinds of decompositions: lateral and 
vertical [Brown 2005]. Lateral decomposition is by domains, 
generally functional, physical and process, although more are 
possible. The lateral decomposition is not hierarchical. 
Vertical decompositions are hierarchical and decompose from 
abstract to detailed.  

Hierarchical decompositions are used to solve all kinds of 
problems where the solutions are not immediately obvious 
because the problems are too large or complex to be solved as 
they are in their entirety. An example of a commonly used 
decomposition is in engineering mechanics where force 
balance is used and a force is decomposed into orthogonal 
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components based on a Cartesian system [Hibler, 1998]. 
Another example of decomposition is to decompose the 
geometry of surface textures by scale, or wavelength, into 
form, waviness and roughness [ASME B46.1, 2011].  

Set theory addresses decomposition in the context of 
partitioning a set. Grouping, concept mapping and 
hierarchical knowledge representation are included. The 
equivalence relation is based on a partitioning, which results in 
several disjoint subsets, or equivalence classes [Brualdi, 1999]. 
This partitioning in set theory and combinatorics results in a 
collectively exhaustive and mutually exclusive decomposition.   

Mutually exclusive collectively exhaustive (MECE) is a 
decomposition rule used in decomposing problems in 
management consulting [Rasiel, 1999], which is consistent 
with the equivalence relation in set theory.  

The creation of taxonomy systems, the science of 
classification according to a systematic arrangement of 
concepts or objects, has applications in design and 
understanding intricate digital systems [Bailey et al., 2005]. The 
taxonomies discussed by Bailey et al. [2005] attempt to create 
a common language across different communities involved in 
the design of digital systems. The themes in the taxonomy also 
contain a definition of scale. In this taxonomy of digital 
systems there are several features potentially useful in all 
designs. These features include classification of the models 
used in design, implementation and verification, as well as 
system, architecture, hardware and software. The digital 
system taxonomies include hierarchies, arranged by type and 
sub type. The taxonomies become more specific, descending 
from generalities at the top to more details at the lower levels. 
The best know taxonomies are those of living things done by 
Linnaeus and Buffon in the 18th century. They sought 
classification systems that would advance the understanding 
of the systems they were studying [Farber, 2000], similar to 
what Bailey et al. [2005] sought for digital systems. 

1.2 APPROACH 
In this work the development of  the decomposition 

method is based on examination of  the decomposition 
processes and a discussion of  case studies. A logical basis for 
the decomposition methods is attempted.  

The examination of  the processes for creating a 
hierarchical decomposition is directed primarily at developing 
the FRs. Because the design decomposition in the axiomatic 
design process is functionally driven, the FRs are developed 
first, then physical elements, DPs, are selected to satisfy the 
functions, FRs. However, the discussion on the hierarchical 
decomposition could apply to any domain, e.g., functional or 
physical.  

2 HIERARCHICAL DECOMPOSITION 
Hierarchical decomposition in developing a design 

solution involves partitioning parent FRs into two or more 
children, grandchildren and so on. The off-spring are 
essentially disjoint subsets, which decompose the parent. The 
decomposition process can be viewed as defining sub set 
boundaries for creating the modularity of the children.  

2.1 COMBINATORICS IN DECOMPOSITIONS 
In a good, hierarchical decomposition, the children must 

be collectively exhaustive with respect to the parent, and the 
children must be mutually exclusive with respect to each other 
(i.e., CEME). If the decomposition is not collectively exhaustive, 
some part of the solution will be missing. Therefore, only a 
collectively exhaustive decomposition can be a complete 
solution to the design problem defined by the parent FR. If 
the children are not mutually exclusive with respect to each other, 
then the children that lack mutual exclusivity will be coupled, 
thereby inhibiting compliance with the independence required 
to satisfy axiom one.  

The accurate partitioning of a parent set into child 
subsets requires that the sum of the child subsets is equivalent 
to the parent (equation 1). 

 
∑ children = parent    (1) 

 
Satisfying equation (1) guarantees that the decomposition 

is CEME. If the sum of the children is less than the parent, 
then the decomposition is not collectively exhaustive. If the 
sum of the children is greater than the parent then the 
children are either: A) not mutually exclusive or B) something 
outside of the parent is included.  In the case of A, the same 
elements of the parent are appearing in more than one child 
and the design will be unnecessarily coupled, violating axiom 
one. The remedy is to redefine the children. In the case of B, 
extra elements have been added, so that the decomposition is 
no longer accurate. The unwanted result is that coupling could 
be introduced and the design could be redundant. The 
remedies can be to exclude the extra elements from the child 
subset under consideration, or to redefine levels and branches 
of the decomposition to include them appropriately.  

Suh [1990] emphasizes that the elements in the 
decompositions should be minimum in number. This follows 
logically from equation (1). Anything more than the minimum 
number of children would be indicative of a redundant design, 
which would be suboptimal.  

This concept of decomposition is elementary in 
combinatorics where the union of the child subsets is equal to 
the parent set and the intersection of the child subsets is zero 
[Brualdi, 1999]. Decomposition is nonetheless often an issue 
in the practice of design. The parent, S, is partitioned into 
some number of children, Si. Subsequently each of the 
children could be further decomposed into the next 
generation of children Si.j.  This decomposition could continue 
until the most fundamental elements are reached. In design, 
the elemental level has been reached when the solution is 
obvious and has been called the nuts and bolts level of 
solution.  

The elements that are found at the lowest level of the 
design, in any domain, are also present in the highest level. 
These elements are the children of the last partition in the 
decomposition. During the process of decomposing, it 
probably is not evident to the designer what all the 
fundamental elements are. The process of developing the 
decomposition hierarchy is one of grouping the fundamental 
elements into progressively smaller child subsets at each level.  

In a hierarchical decomposition in design, each parent 
must have at least two children. If not, then nothing has been 
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decomposed. There is no decomposition and there is no new 
grouping of the fundamental elements into subsets. If an 
attempt at decomposition appears to result in a single child, 
then the result should be examined. If the child is less than the 
parent, then some of the basic elements are missing and one 
or more children should be added to include them. If the 
single child equals parent, i.e., the child appears to contain all 
the basic elements that are in the parent, then the description 
of the child must be a restatement of the parent description. 
In this case the description of the parent might be modified to 
include those elements revealed in the attempted 
decomposition. 

The practical product of the decomposition is the 
fundamental elementals of the physical domain, i.e., the DPs 
at the lowest level of the decomposition. The elemental DPs 
then need to be physically integrated into the final design. In 
composing the fully integrated design solution, having the 
optimal set of elemental physical components is essential. The 
specific course of the decomposition is not. The physical 
integration can follow other association schemes than those 
provided by the decomposition. Nonetheless, a good selection 
of the categorization schemes used during the decomposition 
process can facilitate verification of CEME and consensus 
building among the design stake holders. 

2.2 CATEGORIZATION IN DECOMPOSITIONS 
Different decompositions can lead to equivalent design 

solutions. Even though different decompositions could 
partition the fundamental elements of the design differently, 
at the lowest level of the decomposition the same 
fundamental elements should be present. The hypothesis that 
Suh [1990] presents is that there is one best design solution. 
The process of the decomposition and applying the axioms is 
the process of revealing that one best design solution.   

When the practitioner develops a parent FR to be 
decomposed, the composition of the FR might be unknown. 
The working hypothesis is that is that there is a 
decomposition that will lead to a detailed design solution and 
that the designers are capable of developing that detailed 
solution. The process of decomposition attempts to provide 
the details of the design in the functional and physical spaces 
and thereby tests the hypothesis.  

The description of the children indicates how the 
partitioning has been done. The descriptions are also 
important for building consensus among the design’s 
stakeholders. Descriptions can also be useful in storage and 
retrieval for future use for knowledge management of design 
solutions [Brown, 2007]. The descriptions of the children 
need to be convincingly CEME partitioning of the parent. In 
this sense, it could be said that the decomposition is largely 
about semantics.  

Semantics are important in design. Until a prototype is 
made, designs are primarily thoughts. The thoughts are 
expressed through drawings and words. The engineer’s job is 
to produce designs, i.e., create value by thinking. Baum [2004, 
p.3] proposes that “thought is all about semantics”, and that 
semantics is about discovering a fundamental descriptions or 
the universe. This is similar to developing details in a design.  

The parent is partitioned in a certain way, along a certain 
thematic or taxonomic characterizations, by the 

decomposition. There may be several ways of partitioning the 
parent, several themes or taxonomies that could be used. 
Different themes or taxonomic categories group the 
fundamental elements of the design solutions differently. 
Each branch in a design composition is a kind of thematic or 
taxonomic characterization. Categorization is basic to the 
organization of knowledge as processed during thinking and 
can be localized in the brain, distinguishing between thematic 
and taxonomic categorization [Sass et al., 2009]. A consistent 
categorization at each level assists in a decomposition that is 
convincingly CEME and in building consensus during design. 
Recognizing the distinction between thematic and taxonomic 
categorization in the design decomposition process can be 
important for building consensus and facilitating design 
reviews. In practice it appears that the categorization should 
be consistent at each level in a branch, but can change at 
different levels, as discussed in the examples below. 

2.3 EXAMPLES 
The term that was used above, “convincingly CEME,” 

dodges the question about how to prove that the results of a 
particular decomposition are collectively exhaustive and 
mutually exclusive. It is imaginable that elements resulting 
from the decomposition process could be tested somehow for 
being mutually exclusive. Consider collectively exhaustive. It is 
not clear that the designer has thought of all the elements that 
should be included in the decomposition. The nature of top 
down decompositions in design is such that the full collection 
of fundamental elements will only become apparent at the end 
of the decomposition process. The proof that the 
fundamental elements resulting from decomposition are 
collectively exhaustive will be left for future work. It seems 
that the selection of some themes rather than others could 
facilitate assuring that the results of the decomposition are 
collectively exhaustive. The best themes should be specific to 
the application. Examples are considered below. 

2.3.1 INTERFACES FOR TRANSMITTING LOADS  
Marques et al. [2009] discuss a contact and channel model 

that could be useful in decompositions of mechanical 
elements. Transmitting loads between two mechanical 
structures is a common function in mechanical systems. 
Mechanical contacts are common DPs for transmitting loads.  

Some of the more interesting load transmission systems 
are those that transmit control loads from a person to a device 
and which have the additional functions of filtering potentially 
injurious loads. Examples of these systems are vehicle steering 
systems, hand power tools, seats in vehicles, and ski bindings. 
Consider the transmission branch of the decomposition. In 
the design of interfaces the FR to transmit loads might initially 
be decomposed into: transmit forces in three orthogonal 
directions, and transmit moments in three orthogonal 
directions 
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Table 1. Initial decomposition for load transmission. 
FR0 transmit loads.  DP0 interfaces for

transmission  
FR1 transmit forces in the x direction. 
FR2 transmit forces in the y direction. 
FR3 transmit forces in the z direction. 
FR4 transmit moments about x. 
FR5 transmit moments about y. 
FR6 transmit moments about z. 

 
Of course an appropriate selection of the orientation of 

the axes will facilitate the solution.  
The first thing to do after an initial decomposition 

attempt is to test to see if it satisfies CEME min. This system 
of decomposing a parent FR acting in space using Cartesian 
axes is convincingly collectively exhaustive. It could also 
initially appear to be mutually exclusive, since the axes are 
oriented orthogonally. This is a necessary but not sufficient 
condition for mutual exclusivity. The transmission of 
moments decomposes into:  

FRn.1 transmit a force couple. 
FRn.2 separate the force application locations.  

Note that a force couple is two forces in opposite 
directions acting perpendicular to the moment axis separated 
by a moment arm. The decomposition is suggested by the 
expression for a moment, or torque, the vector product, rxF, 
where r is the moment arm, F is one of the forces in the 
couple and x is the vector cross product. 

The children of the moment transmission FRs now can 
be seen to be containing fundamental elements that are also 
part of the force transmission FRs. DPs that satisfy the 
moment FRs will also satisfy the force FRs.  Therefore DPs 1, 
2 and 3 would be redundant. The decomposition in Table 1 is 
not mutually exclusive, nor is it the minimum number of FRs 
for decomposing the parent. Applying a criterion for 
minimum number would, in this case, appear to be redundant 
with applying that for mutual exclusivity. While that may be 
true in this case, it is not always true.  

 A second attempt at the decomposition would eliminate 
the force transmission FRs, 1, 2 &3 from Table 1. However, 
the tolerances on the force transmission children of the 
moment FRs should be checked to be sure that the DPs 
selected to satisfy them are sufficient to transmit the linear 
forces as well as the force couples for the moments.  

At this point, the solution could appear to be obvious. 
And, as Suh points out [1990], the decomposition should 
continue until obviousness is achieved. However, if the DPs 
need to be modified to accommodate forces beyond those in 
the couple, then it would be appropriate to leave the 
corresponding FR for transmitting forces, as this clearly 
records the design intent and could be involved with some 
other aspect of the design contributing to coupling (axiom 
one) and information content (axiom two). 

In the 1960s, Salomon, a major ski binding producer 
located in the heart of the French Alps, introduced a new 
step-in heel piece. The heel piece restrains the heel of the ski 
boot and transmits loads from the boot to the ski. In previous 
designs, the heel of the boot had been supported on either the 
ski itself, or a binding component that was about as wide as 
the heel of the boot. In the new binding, the boot sole at the 

heel was separated from the ski by a relatively narrow plastic 
component that was covering metal rails and screws that were 
used to attach the binding to the ski. The width of the plastic 
component was the DP that should have satisfied FRn.2 
above, i.e., the moment arm, r. In defining the geometry of 
this plastic component the designers had apparently not 
considered its role in transmitting, roll, or edging, moments. 
Edging moments are the most important control load that 
needs to be transmitted in skiing. A teenager from central 
upstate New York pointed out the opportunity to improve the 
transmission of roll moments by increasing the width of the 
plastic component, and the company subsequently added a 
feature to do this [Howell, 2005].  

2.3.2 THEMES IN THE DESIGN OF SAFETY SYSTEMS 
It is particularly important in design safety systems to 

assure that the design is collectively exhaustive. Shortly after 
the Columbia Space Shuttle disaster, Prof. Suh assembled a 
group to design crew survivability systems for an orbital space 
plane. This author was a member of that group. There was a 
meaningful discussion about the upper level decomposition. 
FR0 was to protect the crew. One proposal was to use a 
temporal theme which would lead to the following kinds of 
FRs: 

FR1 Protect the crew prior to lift-off 
FR2 Protect the crew during launch 
FR3 Protect the crew during orbit 

 And so on… 
Another proposal was to use a hazard based theme, which 
attempted to identify all the hazards, i.e, those things which 
could harm the crew. This resulted in the following kinds of 
FRs: 
 FR1 Protect the crew from thermal hazards 
 FR2 Protect the crew from acceleration hazards 
 FR3 Protect the crew from pressure hazards  
 And so on… 
The solution that was ultimately used was to apply the 
temporal theme first, then to decompose the temporal FRs 
with the hazard FRs. The rationale for this approach was that 
not all the hazards are present all the time, therefore this 
decomposition resulted in fewer FRs. While either of the 
prioritization of the themes could have resulted in a CEME 
list, considering both levels, and putting the temporal 
decomposition first, resulted in a smaller number of FRs in 
the top two levels.  

This example also speaks to the value of investing effort 
in the careful consideration of the high levels in the 
decomposition. This value is often not recognized in industry 
in the eagerness to produce drawings.  

The temporal decomposition is obviously collectively 
exhaustive in time, because it covers the entire time span of 
concern.  The hazard decomposition is less obvious. If it 
could be shown that all the hazards are associated with energy 
that has the potential to do injurious work on the people, and 
if all the sources of the energy could be identified, then the 
hazard theme could be convincingly collectively exhaustive. 
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2.3.3 THEMES IN DESIGN DECOMPOSITION IN 
PRODUCTION 

Production implies transforming something to increase 
its value. Transformations imply doing work on something, 
and work requires energy. It is suggested that energy might be 
a good theme for decomposing manufacturing on the process 
level. Expanding this proposition is left to future work.  

Consider producing versus providing. In production 
systems, the products are generally specified and FR0 is to 
produce the product. Product FRs are stated so that it is clear 
that they provide a user with something. Product FRs might 
begin with the active word “provide”. The corresponding DP 
would be a product that would provide that something.  

For example, if the task at hand is to design a bicycle then 
FR0 could be something like “provide personally powered 
transportation”. DP0 could be a “personally powered 
transportation vehicle,” e.g., a bicycle.  In this case, the 
designer begins immediately to design a bicycle. FR0 might be 
decomposed into something like, provide an interface with the 
road, provide steering, provide for power conversion, and so 
on. If FR0 is “design a bicycle,” then the active word is design 
and an appropriate DP0 could be “a system for designing a 
bicycle”. The designer then does not immediately design the 
bicycle, but first figures out how to design a bicycle, which is a 
process design problem. The design process can have value 
and can have a customer and could be considered a product.  
However this product is not going to get anyone down the 
road. This product, a system to design a bicycle, could be 
thought of as an abstraction, and could be realized into the 
eventual design of a bicycle. The design of a bicycle also does 
not get anyone down the road. It is also an abstraction. The 
bicycle must be produced.  

In the design of a production process, where distinct 
components that must be produced can be identified, an 
obvious decomposition is component by component and 
feature by feature on the component.  Component by 
component as a theme for decomposition has been suggested 
as an approach to producing written works. Lamont [1994] 
describes the problem of writing as taking one topic at a time 
and rendering that on the page.  

In assembling a bicycle frame from components, one 
decomposition theme could be joint by joint. The joint in this 
sense could also be considered as a component of the product. 
Producing the joint could be considered a component of the 
process. The process of producing a joint could be 
decomposed to include positioning the frame members and 
forming the joint. The joint is a way of preserving the position 
while resisting loads. The top level decomposition theme 
would be joint by joint, and then the theme for the 
decomposition of each joint would be position and joint. 

The design of the tooling that is required for production 
can be considered as a separate design process, just at the 
process design is distinct from the product design and the tool 
design is distinct from the process design. The product drives, 
or suggests the FRs for, the process design. The process 
design in turn drives the tool design. Product, process and 
tool, are themes for a horizontal decomposition into domains. 

There are valuable concepts that are not themes that are 
useful for design decompositions. Brown [2011] discusses two 
concepts in manufacturing, maximize value added and 

minimize cost. He proposes that these concepts can be 
exploited advantageously at every level in a design 
decomposition of a manufacturing process. These concepts 
are not intended to be themes to be used directly in the 
decomposition, although they could be. Concepts can be 
axioms or rules that are used to check decompositions. In lean 
thinking, manufacturing systems have been divided into value 
added and non-value adding activities [Womack and Jones, 
1996]. This is a useful concept for analyzing manufacturing 
[Brown, 2011] but does not appear to be the basis for 
productive design decomposition.  

2.3.5 OTHER THEMES IN DESIGN DECOMPOSITIONS 
In selecting a theme for design decomposition, the issues 

of facilitating convincing arguments for being collectively 
exhaustive and mutually exclusive should be anticipated. Thus 
far, essentially three kinds of themes have been discussed: 
spatial, temporal and energetic. Force transmission could be 
considered to be a type of spatial decomposition. 

Selecting a good theme for the decomposition of a design 
is not always obvious and could be part of the creative process. 
Some systematic approach to theme selection could help to 
assure that the CEME conditions are met. Capturing and 
reusing good themes for similar kinds of applications could be 
a useful part of a knowledge management process. 

 Just as in this case, in discussing themes, where the 
objective is to be collectively exhaustive, a category of “other” 
guarantees that a decomposition process has been collectively 
exhaustive at that level. This problem of being exhaustive is, 
however, merely displaced to the next lower level of 
abstraction as the elements of other are sought.  

3 PRIORITIZATION IN ASSIGNING 
INTERACTIONS 

When evaluating the design matrix [A] for compliance 
with axiom one, each FR is examined to see which DPs will 
influence it. The elements of [A] show how the DPs influence 
the FRs. The influence of the DP on the FR has to be large 
enough so that probable changes in the DP will have the 
possibility of taking the FR out of its functional tolerance.  

Practically, DP columns in the design matrix are 
examined row by row systematically assessing the matrix 
element for each FR for its potential to be influenced by the 
DP. New designs are considered. This is also useful for 
reducing coupling in existing designs, identifying candidate 
DPs for modification.  

The differential form of the matrix makes the influence 
more obvious as the elements become the partial derivatives, 
and if we just consider the off-diagonal terms in the matrix, 
such that i ≠ j 

 
dFRi = (∂FRi/∂DPj)*dDPj       (3) 

 
The primary assessment then is to determine if the partial 

derivative of an FR with respect to a DP is zero or nonzero. 
In new designs, the details of the elements at the lower 

levels are not known, because they are still to be developed 
during the decomposition process. If the interactions are 
clearly unavoidable at the higher level, then the matrix element 
should be assessed to be non-zero and an X can be entered in 
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the matrix. If the interaction is uncertain then matrix element 
should, to the extent possible, drive the detailed levels of the 
hierarchical decomposition.  

In practice, designers sometimes decide that both the off-
diagonal terms ∂FRi/∂DPj and ∂FRj/∂DPi are not zero and 
that portion of the matrix becomes fully coupled. When this 
happens in a new design, then one of the two elements can be 
deemed to be zero. Then the process of decomposition 
continues with the selection of the detailed elements, i.e., 
children at the lower level, driven by the constraint that they 
not interact in such a way that would cause their parents to be 
coupled. Alternatively, this problem can be addressed by the 
introduction of another FR. 

In existing designs when both off-diagonal terms 
∂FRi/∂DPj and ∂FRj/∂DPi are not zero, this is a candidate 
branch for re-design to reduce the coupling. This can be 
accomplished through the selection of DPs that do not 
interact in unwanted ways or finding new FRs and DPs, i.e., a 
new solution set for that branch. 

3.1 EXAMPLES OF DECOUPLING BY PRIORITIZATION 
OF EXISTING FRS 

The examples here are considering two FRs and their 
corresponding DPs. The examples are chosen to illustrate the 
case where one of the FRs is determined to be more 
important. The problems introduced by the coupling are that 
non-productive iterations could be required to reach a 
solution, or that that a solution might not exist, i.e., the 
iterations do not converge on a solution. 

In the design of a car roof, the FR for protecting the 
passengers in a rollover can become coupled with the DPs for 
satisfying an FR for aesthetics. Batzer et al. [2007] show that it 
is possible to satisfy both FRs. The designers have the option 
to prioritize either the protection or the aesthetic FR. 

In the design of a pleasure boat, the DPs to satisfy the FR 
for comfort can interact with the FR to provide seaworthiness. 
In this case, the matrix element showing the interaction of the 
DP for comfort with the FR for seaworthiness should be zero, 
i.e., seaworthiness trumps comfort. This is obvious because it 
does not matter how comfortable you make the boat, if it 
sinks, then the boat will become unacceptably uncomfortable. 

In the design of systems that convert chemical energy to 
mechanical or electrical energy, there is an FR to convert the 
energy, and there can be another to control the environmental 
influences. Clearly, this is a candidate for the dual interactions 
described above. Conventional product design usually favors 
the conversion of energy over the environment, however 
government incentives, regulations, and public concern for 
the environment are driving the selection of DPs for power 
production that do not adversely influence the FR for 
controlling the potentially adverse environmental influences.  

3.2 EXAMPLES OF DECOUPLING BY PRIORITIZATION 
OF AN ADDITIONAL FR 

The examples here show how the addition of an FR can 
eliminate an unwanted influence, which result in a coupled 
design matrix.  

In the design of the roof for a car, there are the posts, 
vertical members extending from the lower part of the body 
that have to be joined with the bows and the rails, horizontal 

members supporting the roof. The attachment points drive 
the design of one of the members to dominate the others. To 
resolve this, a gusset can be added that adapts to both the 
vertical and the horizontal members and eliminates the 
unwanted coupling [Batzer et al., 2007].  

In conventional ski bindings, the DPs include moving 
elements that allow for release, to avoid transmitting 
potentially injurious loads to the leg, also displace the 
mechanical elements that restrain the boot to the ski. It is this 
displacement that adsorbs shocks to avoid inadvertent release. 
The result of the coupling is an increased tendency for 
inadvertent release over a non-coupled design. An inadvertent 
release is said to occur when the boot detaches from the ski 
when the risk of injury is not imminent. As a consequence of 
an inadvertent release during skiing, the skier can lose control 
and serious injury can result. An FR can be added to adsorb 
energy, and the matrix element can be selected so that the 
corresponding DP does not alter the boot-binding interface 
while energy from shocks is being adsorbed. This way the full 
capacity for retention can be maintained until injury is truly 
imminent. Energy adsorption devices can be incorporated 
into the boot-binding systems, which can be designed to 
accomplish this. In one case, there are elements that restrain 
the boot mounted on a plate and the displacement takes place 
between the plate and the ski. The energy that might cause 
inadvertent release, is adsorbed in an interface that does not 
alter the retention of the boot. The plate and underlying 
energy adsorption mechanisms are the DPs that satisfy the 
new FR. 

4 CONCLUSIONS 
Decomposition rules, collectively exhaustive, mutually 

exclusive and minimum number (CEME-min), can be 
valuable for facilitating the developing of designs that are in 
compliance with axiom one. Thematic characterizations and 
taxonomies can facilitate the development of decompositions 
that are CEME-min. These include spatial, energetic and 
temporal. Appropriate prioritization and the addition of new 
FRs can help to resolve coupling in design matrices. 

5 ACKNOWLEDGEMENTS 
I would like to thank my old friend Paul Scott, of the 

University of Huddersfield for an enlightening discussion on 
the equivalence relation. I would also like to thank Richard 
Henley for proof reading and editorial comments. 

6 REFERENCES 
[1]  Bailey B., Martin G., Anderson T., Taxonomies for the 

Development and Verification of Digital Systems, Springer, New 
York 2005. 

[2]  Batzer S.A., Burges R.D., Brown C.A., “Axiomatic Design 
of  Automotive Roof  Structures,” SAE World Congress 
Detroit 2007 paper number 2007-01-0685. 

[3]  Baum E.B, What is Thought, The MIT Press, Cambridge, 
Massachusetts, 2004. 

[4]  Brown C.A., “Axiomatic Design for Understanding 
Manufacturing Engineering as a Science,” 21st CIRP 
Design Conference, KAIST, Daejeon, South Korea, March 
27-29, 2011. 



Decomposition and Prioritization in Engineering Design 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 2011 
 

 

[5] Brown C.A., “Knowledge Management and Axiomatic 
Design,” SAE World Congress, Detroit 2007, paper 
number 2007-01-1211. 

[6]  Brown C.A., “Teaching Axiomatic Design to 
Engineers—Theory, Applications, and Software,” Journal 
of Manufacturing Systems Vol. 24/No. 3, 2005. 

[7]  Brualdi R.A., Introductory Combinatorics, Third Edition, 
Prentice Hall, Upper Saddle River, New Jersey, 1999. 

[8]  Farber P.L., Finding Order in Nature: The Naturalist Tradition 
from Linnaeus to E. O. Wilson, Johns Hopkins University 
Press, Baltimore 2000.  

[9]  Hibler R.C., Engineering Mechanics Dynamics, Eighth Edition, 
Prentice Hall, Upper Saddle River, New Jersey, 1998. 

[10]  Howel R. Personal communications, President and CEO 
Howell Product Development, 2005.  

[11]  Lamont A., Bird by Bird, Anchor Books, New York 1994. 
[12]  Marques P.A., Alink t., Saraiva p.M., Albers A., Requeijo 

J.G., Guerreiro F.F., “Integration of  the contact and 
channel model with Axiomatic Design” Proceedings of  
ICAD2009, The Fifth International Conference on Axiomatic 
Design, Campus de Caparica – March 25-27, 2009, ICAD-
2009-03. 

[13]  Rasiel E.M., The McKinsey Way, McGraw-Hill, New York, 
1999. 

[14]  Sass K., Sachs O., Krach S., Kircher T., “Taxonomic and 
thematic categories: Neural correlates of categorization in 
an auditory-to-visual priming task using fMRI,” Brain Res. 
2009 May 13;1270:78-87. 

[14] Suh N.P., The Principles of Design, New York: Oxford 
University Press, 1990. ISBN 0-19-504345-6 

[15] Womack, J.P., Jones, D.T., 1996, Lean Thinking, Simon 
and Schuster, New York. 

 
 
 



Proceedings of ICAD2011 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 2011 
ICAD-2011-08 

 
 

 

ABSTRACT 
This paper reports our analysis of  475 products that 

have won the Japan Good Design Award (GDA). The results 
show that 20% of  the award winning products included 
special FRs and DPs beyond the consumer’s imagination. 
These products need to keep their special FRs and DPs free 
of  interference with other general FRs to maintain their 
popularity for an extended period of  time. 

Keywords: design, axiomatic, industrial, aesthetic. 

INTRODUCTION 
Industrial design has hardly been a subject of  

engineering design research in Japan due to its aesthetic and 
ergonomic nature. When we, however, turn our attention to 
automobiles or cellular phones, we realize that the key factors 
for hit products in 2010 are their aesthetics and ease of  use, 
not engine power or communication functions. The service 
function has also been left out of  the realm of  engineering 
research in Japan, but now is a subject of  analysis by 
extending conventional engineering methodologies into 
service science. In such studies, functional requirements (FRs), 
for example, are called prior expectations, and are 
recommended to be listed, like with quality function 
deployment (QFD), in a mutually exclusive and collectively 
exhaustive (MECE) manner.   

This study applies axiomatic design to analyze FRs and 
design parameters (DPs) for industrial design. In the field of  
industrial design, some say “Form follows the function so FRs 
are essential,” while others say “Aesthetic forms give value to 
products and the fact that consumers buy them places more 
importance on DPs.” So which is the more decisive factor: FR 
or DP? 

Our studies review the design process to extract FRs and 
DPs and analyze interference among the FRs.  

When we carried out a preliminary study of  products 
that stand out from an industrial design standpoint, hardly any 
had newly invented or discovered technology with either FRs 
or DPs. An example is SUICA which is the East Japan 
Railway Company’s prepaid boarding card. The 
communication IC chip FeliCa used in it by SONY had been 
well known. The industrial designer in this case, came up with 
the clever DP of  having the card holders press SUICA against 
the green circle as they pass the ticket gate to satisfy the well 
known FRs of  “have the passenger pay for the ticket,” and 

“avoid clogging up the ticket gate.” SUICA now assumes the 
function of  having the customer make payments for their 
purchases at some retail stores. 

The power electronics and mechanisms with Toyota’s 
hybrid car PRIUS had also been known. The key to the 
success in this case was the newly stated FR of  “be kind to 
the environment” in response to the overall DP that 
combined all of  these functions. The industrial design team 
came up with the characteristic triangular body which 
contributed more to the sensing FR of  “ideal from the 
ecological standpoint” rather than the engineering FR of  
“smaller aerodynamic resistance.”  

As we see above, fine industrial design produces superb 
DPs and FRs that last for an extended period by moving back 
and forth among different FRs and DPs. Are all good 
industrial designs characterized that way?  

This paper analyzes successful industrial designs and 
extracts FRs and DPs from them to formulate a generic 
design methodology that proves useful for future product 
development. 

ANALYSIS OF GOOD INDUSTRIAL DESIGN 
1.1 ANALYZING GDA WINNING PRODUCTS 

We picked out 475 general everyday products that won 
Good Design Awards (GDA) in Japan in 2008 and 2009. 
GDAs are presented to a variety of  designs including 
buildings like train stations, theaters, or individual houses, 
industrial products like motors or printers, and even software, 
packages, and office equipment. Our analysis narrowed the 
scope to products in our daily life so the authors could easily 
understand the FR.  

Figure 1 shows the analysis of  the GDA winning 
products based on the authors’ standards.  

First, we decided whether the key process of  the big sale 
was an FR or DP. For example, the key for a table spoon that 
allows those handicapped with trepidation to hold it firmly is 
an FR, whereas a bamboo product with a traditional Japanese 
form owes the sale to the DP. The results show that 39% of  
the products had FR key factors and 61% DP. So the key to 
success for these products was about 50/50 for FRs and DPs. 
The strict count was 22% higher for DP factors, but that owes 
to a large number of  dinner table utensils and furniture. They 
mostly had the same FR with slight variations in forms and 
colors, contributing to the large number of  winners with DP 
key factors. If  we had included buildings and packages which 
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are also aesthetic products, we would have added to the ratio 
of  products with DP key factors.  

In other words, product areas covered by designers with 
art degrees tend to show more DPs as the key factors. A 
significant number of  products in the overall industrial design 
area, however, have FR key factors with creative concepts that 
lure consumers to use them. Those who graduated with 
engineering degrees, with maybe less artistic talent, still can 
work as industrial designers.  

We next categorized the award winning products into 
those that produced excitement beyond the consumer’s 
imagination and those with reassurance to expectation. The 
judgment of  course was subjective, however, we checked the 
market evaluation of  the former group on the Internet and 
they all had reputations of  4 stars or higher out of  a possible 
5 stars. The fact verified that the authors made reasonable 
evaluations. As for the results, 20% of  all of  the products 
produced excitement beyond imagination, and 15% (75% of  
the 20%) of  them had FR key factors and the remaining 5% 
(25% of  the 20%) DP. The lesser number of  DPs is probably 
due to the authors being engineers that place more value on 
functions.  

The remaining 80% of  all of  the products gave 
assurance to meet the customer’s expectations. We looked at 
all of  the award winning products to check if  they were 

improvements of  existing products or not, and we found that 
many of  them were improvements, like miniaturizing a 
cyclotron vacuum cleaner to 3kg so they suit small Japanese 
houses, or placing the same ornamental pattern on a saucer to 
a cup to make a set. GDA accepts product applications for the 
awards and judges if  they meet the award standards, thus, the 
novelty of  the product is not as important as it is with 
academic papers.  

The later products with assurance to expectation are 
superior to other general products in terms of  aesthetics or 
ease of  use. Figure 1 shows the breakdown of  the 80%: 24% 
modified shapes and colors of  existing products like the 
above dinner table utensils or furniture for better aesthetics, 
14% combined existing products like the above saucer and 
cup, 12% added special functions to conventional products 
like the above spoon for the handicapped, 12% improved FRs 
with conventional products without a specific common 
scenario, and 18% improved the DP.  

All of  these targeted longer or wider markets by 
implementing minor improvements to past popular products, 
however, they did not quite give unexpected excitement to the 
consumer. The internet, however, shows that these successors 
to past popular products have won 3 or more stars. These 
results suggest the effect of  extending life or expanding the 
market of  products by changing the appearance, making set 
arrangements, or specializing the FR. Customers that are 
aware of  the product are satisfied with the brand image or 
assurance even when the changes are minor.  

For our study, however, we excluded such products with 
minor changes and the following sections will concentrate on 
the 20% with excitement beyond imagination. 

1.2 ANALYZING PRODUCTS WITH EXCITEMENT 
BEYOND IMAGINATION 

Figure 2 shows the well-known products that people in 
town talked about, from the 20% that the authors judged to 
have produced excitement beyond imagination. The figure 
shows: an asymmetric umbrella that stands the severest 
typhoon, a motor driven horseback riding fitness machine, a 
lure fishing bait that produces an insect sound, a swimsuit 
with small water resistance from ultrasonic sewing, tissue 
paper free of  bleach, a spatula that allows turning food from 
any direction, an LED light bulb that lasts 10 years, a rotary 
cultivator that runs with fuel from a gas cartridge for portable 
gas stoves, plastic soft drink bottles that crush with minimal 
force, a rice cooker free of  steam to avoid burn injuries, closet 
doors that do not jam fingers, silicon lids for plastic soft drink 
bottles that open when bitten, a sunshade with fractal shape, a 
fire extinguisher that uses only edible material, and crime-
preventing wall spikes made of  aluminum instead of  glass.  

The last three items had no change in FRs compared to  
conventional products, thus we categorized them to cases that 
gave excitement with new DPs (5% in Figure 1). The 
remaining 12 cases produced excitement with new FRs (15% 
in Figure 1). For example, the asymmetric wing-like umbrella 
SENZ from Holland is not fashionable by itself, however, it 
proves to be functional in storms. The next horseback riding 
fitness machine has a complex mechanism that will only 
attract an engineer, however, ordinary users are excited at the 
fitness effect by training their muscles in the stomach and legs.  
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Figure 1.  Categories of  superb industrial designs.
Source: Analysis of  475 daily life products with GDA
(2008 and 2009)
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Asymmetric umbrella
that stands a typhoon

Motor driven horseback
riding fitness machine

Lure fishing bait that
produces insect sound

Swimsuit with small
water resistance
from ultrasonic sewing

Tissue paper free
of  bleach

Spatula that allows
turning food from any
direction

LED light bulb that
lasts 10 years

Rotary cultivator that
runs with fuel from a gas
cartridge for portable gas
stoves

Plastic soft drink bottles
that crushes with minimal
force

Rice cooker free of  steam
to avoid burn injuries

Closet doors that do not
jam fingers

Sunshade with fractal
shape

Fire extinguisher that uses
only edible material

Crime-preventing wall
spikes made of  aluminum
instead of  glass

Figure 2. GDA products with excitement over imagination.
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1.3 ANALYZING THE MIND PROCESS OF DESIGNERS 
WITH SUCCESSFUL INDUSTRIAL DESIGNS 

We next analyzed an article by an industrial designer to 
gain quantitative evaluation from another source. The article 
“Brand Improvement Committee” was a serial in NIKKEI 
DESIGN (Nikkei BP, since 1987), and it analyzed products 
through questionnaires of  products. We picked out 34 
products from the articles.  

The results showed that when fun, novelty, or beauty 
exceeds the customer imagination from experience, the 
products produce excitement. And to really produce great 
excitement the product improvement should step inside the 
hazardous region that may raise concerns over anxiety to the 
consumer. Like in Figure 3, when we venture out from the 
stability region to go over the mind block, we may experience 
some agitation, however, a new world with excitement, 
surprise and fun lies ahead.  

Figure 4 shows further analysis with products that 
reached this new world. For example, beer cans traditionally 
were colored with the beer color gold or yellow, the foam 
color white, or the hop color green. When they used a blue 

Figure 3. Stepping into the dangerous region
with anxiety which produces excitement,
surprise and fun.

conventional
product

Area that produces
excitement surprise
and fun

Dangerous region that may
cause anxiety with the consumer

KIN-MUGI

LAGER

BEER

Figure 4. Producing excitement in the area beyond customer imagination from experience.
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color that was never used before, it stood out in the market 
floor and turned out to be a big hit (Kinmugi). Blue is not 
popular in the Japanese food industry as it is perceived to be a 
color that causes loss of  appetite. 300 people answered the 
questionnaire of  what color combination suggests “good taste 
of  wheat with rich flavor” and 53% of  them answered gold 
letters on blue, 31% gold on red, 9% blue on yellow, and 7% 
black on white. Maybe the gold had a complementing effect 
on the blue.  

Cellular phone users would want to precisely press 
images on the touch panel, however, capturing rough finger 
movements on the panel led to the big hit of  a new phone 
(iPhone). Only 16% out of  the 300 answered that they must 
have a keyboard. Everybody knows that an electrical fan has 
blades and a surprising one without any (bladeless fan) made a 
big hit. A female 3D-CAD operator had troubles with blisters 
on her palm. She experienced a great relief  when a new 
mouse with a thin plate attached on it hit the market to 
eliminate friction between her hand and the desktop (Expert 
Mouse). Mechanical pencils target low writing pressure to 
keep the tip sharp, but a new model with high writing pressure 
uses the pressure to rotate the lead to keep the tip in a conical 
shape (Kurutoga, means turn and keep sharp). Plastic soft 
drink bottles should have enough strength not to break when 
dropped but a new one with a thin skin realized a bottle that is 
easy to crush for recycling (Irohasu).  

All of  these products produced expectations beyond the 
consumer imagination and made big hits. Such excitement, 
however, does not last very long. To keep a long life for such a 
product, the design most likely has to shift towards 
reassurance of  expectation.  

We explained that a product to make a big hit requires a 
special FR that produces excitement, and in addition, we 
found that this special FR must not interfere with other 
general FRs. Let’s take the above bladeless fan as an example. 
In fact, the blades exist inside the cylinder at the bottom, as 
Figure 5 shows, to meet the functional requirement of  
“generate wind”. All other functions required for fans are also 

in place; “Turn the head,” “Tilt the head,” “Vary the wind 
strength,” “Place on floor,” “Quiet sound,” and “Do not blow 
dust.” The special functional requirement to “Keep the blades 
hidden” was added to the list and did not interfere with any 
of  the other general functional requirements. If  it did, it 
would have not made it to the market.  

Figure 6 shows cases that did not sell as expected 
because the special FR interfered with a general FR. For 
example, a spherical TV remote control is interesting 
aesthetically, however, it lost its market attraction for 
interfering with the functional requirement of  emitting 
infrared rays towards the TV without looking at the remote. A 
flat plastic soft drink bottle that is easy to place inside a small 
handbag (Karadameguricha, means tea that runs around your 
body) was popular among female consumers. However, the 
shape prevented it from easily falling inside a vending machine 
which interfered with the functional requirement of  making 
sales with a vending machine. A folding umbrella that opens 
and closes with a touch of  a button was really convenient, 
however, its weight interfered with the functional requirement 
of  portability and people stopped using them. A new phone 
targeted at the elderly with a minimum set of  functions and 
buttons (Rakuraku-phone, meaning easy-to-use phone) hit the 
market, however, the user always had to answer the 
confirmation command and its operation time took longer so 
consumers shied away from it.  

As we have seen, no matter how attractive the new 
special functional requirement is, if  it interferes with other 
functional requirements, the consumer will not use it for an 
extended time, making the life of  the product extremely short. 
This is what axiomatic design states in its independence axiom 
which also applies to industrial design.  

3. DESIGN METHODOLOGY TO PRODUCE 
SUPERB INDUSTRIAL DESIGN.  

From our analyses, we reached the following design 
methodology to produce superb industrial design.  

tilt the head

produce wind rotating blade + motor

Figure 5. Hit products with special FR that produced excitement over imagination.
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(1) Extract general FRs and DPs from conventional products. 
(2) Jump over the mind block that were thought natural for 
these FRs and DPs to reach a special FR or DP that will 
produce excitement beyond the consumer’s imagination.  
(3) Confirm that the special FR or DP does not interfere with 
general FRs.  
(4) When the special FR or DP becomes less exciting over 
time, implement minor changes to the product, for example 
change its shape or color, combine it with other products to 
make a set, or specialize the product to a narrowly targeted 
functional requirement.  

Among these steps, the second one to come up with an 
FR or DP to produce new value is not an easy task for 
everyone. We have to, however, jump out of  the conventional 
inertia if  we want to produce something new. 

4. CONCLUSION 
Our report qualitatively analyzed industrial design by 

applying axiomatic design. We found that a superb industrial 
design has an FR or DP that goes beyond the consumer 
imagination, the FR or DP does not interfere with other 
general FRs of  the product, and to make a big hit, the 
designer has to search in the area avoided with conventional 
design by jumping over the conventional FRs and DPs. 
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Figure 6. Special function aimed for the hit interfered with a general FR.
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ABSTRACT 
In previous research, a systematic method for human-

safety integration early in the design process has been 
proposed. Called IRAD (Innovative Risk Assessment Design), 
this method facilitates the generation of  safety requirements 
through past experience analysis and design choices analysis 
all along the design process. Design parameters thus result 
simultaneously from technical and safety functional 
requirements. This paper deals with the problem of  defining 
safety objectives early in the product design process. It 
highlights the mechanism offered by IRAD for generating 
non-technical design objectives when preparing the 
requirements and constraints list. It shows that there are 
different typologies of  safety objectives depending on the 
evolution of  the product. In fact, there is a specific type of  
safety objective to be taken into account in a specific design 
stage. Finally, the applicability of  the method is demonstrated 
through the application to a water faucet case study and 
mechanical person-machine interfaces.  

Keywords: IRAD method, design methods, Axiomatic 
Design, safety objectives, water faucet, ski bindings. 

1 INTRODUCTION 
Current means of  safety integration that consist of  

safety barriers implementation for risk reduction have reached 
their limits. In fact, safety barriers are implemented in the end 
of  the design process (add-on safety solutions), and are 
rapidly increasing in variety, size, complexity and 
sophistication.  

Hollnagel [2008] relates risks to the increase of  new 
systems' complexity and thus, to the increase of  systems 
coupling. In this regard, many authors [Fadier, 2006; Fadier, 
2008; Lo and Helander 2007; Sklet, 2004] have shown that the 
more complex the system is, the more complex the control 
will be. And then, the implementation of  efficient safety 
solutions becomes more complex. The surveillance and 
control role of  the operator is therefore increased.  

From a product design point of  view, the current support 
tools available to assist designers in safety integration tasks are 
limited [Shupp, 2006 and Bernard, 2002]. The existing 
techniques for risk assessment and design review generally 
intervene quite late in the design process, often only during 
the detailed design stage, when significant decisions about 
product principles and structures have already been made. 

Existing methods that are used early in the design process, 
generally set constraints and are used to verify and validate, 
rather than being more effective design methods, which can 
make safety part of  the design objectives. Current safety 
solutions can lead to various delays and cost increases when 
safety problems are considered too late in the product design 
process.  

The information relative to past experience often arrives 
to designers in a relatively haphazard and narrative way, and is 
usually related to specific accidents in a specific context. There 
is no support that abstracts this information in order to 
integrate it, independently of  any potential solution, in the 
preliminary design phases. 

In our research, we study the possibility of  integrating 
safety inherently early in the design process. We consider that 
safety must be implemented during the design process and 
must take part of  the design functionality.  

The question that we tried to answer in this paper is: 
what is a safety requirement? Consideration of  this question is 
based on the definition of  design objectives (functional 
requirements and constraints) given by Suh [2007]. 

Suh [1990] defines “functional requirements as the 
minimum set of  independent requirements that completely 
characterize the functional needs of  the product; constraints 
are bounds on acceptable solutions”.  

This paper deals with the problem of  defining safety 
objectives early in the product design process. Firstly, the 
IRAD method for systematic human-safety integration is 
reviewed. Secondly, the way to define safety objectives from 
the beginning of  the design process and all along design is 
developed. Finally, it gives the nature (requirements versus 
constraints) and the typology of  safety objectives. 

2 INNOVATIVE RISK ASSESSMENT DESIGN 
METHOD (IRAD) 
In recent work, we have proposed a systematic human-

safety integration method to be used early in the design 
process Ghemraoui et al. [2009a, 2009b], called IRAD 
(Innovative Risk Assessment Design). 

Firstly, IRAD was based on a conceptual risk reduction 
model. This model is developed in the framework of  the 
Systematic Approach [Pahl and Beitz, 2007] that offers a 
specific description and modelling of  the product according 
to three points of  view. The asset of  the Systematic Approach 
is its algorithmic description of  the design in the sense that it 
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describes the best way to satisfy the design goals. At the 
beginning of  the design process, functional requirements are 
identified through the customer needs and the experience 
feedback, if  it exists. We consider that depending on the 
typology of  these requirements, they will intervene in a 
specific design stage (conceptual, embodiment or detail stage). 
Indeed, in our approach, the design functional requirements 
and specifications and thus the task clarification stage are 
considered parallel to the three conceptualisation stages of  the 
systematic approach (Figure 1). Then, we considered that risks 
are identified at each of  the design stages and are considered 
as evolving with and dependent on the design technological 
choices. Risks are identified through the design parameters 
analysis and are defined through the nature of  the interaction 
of  the human with design resources at each stage. Risks result 
from the interaction of  the human with the design resources 
such as functions, energy, space, time, performances, etc. So, 
these interactions are analyzed and potential risks are listed. In 
fact, this analysis consists of  defining the compatibility of  the 
human characteristics with the design parameters' ones. Then, 
we propose to convert the defined risks into functional safety 
requirements, integrated into the specification document and 
taken into account in the following design stage. These 
requirements are enhanced and specified throughout the 
design process through risk analysis related to the design 
choices and are considered as evolving simultaneously with 
the product development. Safety requirements are defined 
throughout design and added to the specification documents. 
Consequently, the specification document is enhanced 
through the possible undesirable events and serves for 
verification and validation. Integrating the safety functional 
requirements into the technical product design, all along the 
product development, constitutes the risk reduction process. 
These operations of  design synthesis, analysis, risk and safety 
requirements identification correspond to the conceptual 
model of  the proposed approach. 
 

Risk Definition

Specifications Document 

Conceptual Design Embodiment Design Detail Design

 
Figure 1. Conceptual risk reduction model. 

Finally, for safety needs we adopt a representation for the 
design process relating the systematic approach to the 
Axiomatic Design [Suh, 1990; Suh, 2001; Brown, 2005]. 
Therefore, the design process is both algorithmic and iterative. 
Safety integration in design consists of  analysis and synthesis, 
which mutually reinforce each other in a feedback loop. 
Consequently, each stage of  the design process is divided into 
two domains: the functional domain that constitutes the 
technical requirements and the physical domain that 
corresponds to the technical solution. Hence, the design 
process is divided into six phases noted Pi (i=1...6).  

Ge et al. [2002] gave a similar representation of  the 
relation between the systematic approach and axiomatic 

design. This representation, called the extended axiomatic 
design (EAD), considers that the three conceptualization 
stages of  the systematic approach, which are conceptual, 
embodiment and detail design, are divided in two domains: 
the functional and physical domains. Nevertheless, we 
consider only a representation in 2D as shown in Figure 2. 
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Figure 2. Representation of  the design process.  

As the design parameters' characteristics typology depend 
on the design stage, the potential risks depend on the 
considered design stage as well. This observation leads us to 
consider that there is a mapping process between design and 
risk describing the compatibility between the design and the 
human characteristics. Therefore, the design process 
communicates with a "risk process" which is divided similarly 
into three steps according to the abstraction level of  the 
solution. Thus, we noticed the Human-Principle Interaction 
(HPI), Human-System Interaction (HSI) and the Human-
Machine Interaction (HMI). The HPI corresponds to the 
interaction between the human and the design solution in the 
conceptual design stage. The HSI corresponds to the 
interaction between the human and the design solution in the 
embodiment design stage. Finally, the HMI corresponds to 
the interaction between the human and the design solution in 
the detailed design stage. This "risk process describes the 
safety requirements generation and the risks identification 
processes.  

In addition, the typology of  safety requirements depends 
on the considered design stage. Therefore, similarly to the 
design process, the risk process has functional and physical 
domains and is divided into six contexts noted Ci (i=1...6) 
(Figure 3). These two processes are conducted simultaneously 
and the result of  one affects the other [Ghemraoui et al., 2009].  
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Figure 3. Representation of  the risk process. 

2.1 THE HUMAN-PRINCIPLE INTERACTION 
The HPI corresponds with the conceptual design stage. 

From the design point of  view, at this level the overall 
functional requirements are decomposed into sub-
requirements less abstract and one or more working principles 
are selected. Therefore, the potential interaction with human 
could be related either to the environment of  the product or 
to the chosen working principle. From this interaction safety 
requirements related to the environment and to the solution's 
principle will result. 
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2.1.1 THE HUMAN-SYSTEM INTERACTION  
The HSI corresponds with the embodiment design stage. 

The conceptual design working principles are structured and 
the occupied as well as available spaces are defined. In 
addition, the way in which the product will function is also 
specified. The dangerous zones and the intervention zones of  
the user are defined. The user location is related to functional 
and physical structures. At this step, the interaction with 
human is related either to the human activity or to the nature 
of  the structuring parameters. 

2.1.2 THE HUMAN-MACHINE INTERACTION  
The HMI corresponds with the detail design stage. From 

the design viewpoint, the product components, layouts, etc. 
are defined. Notice that traditionally, at the end of  this stage, 
risks are analyzed and corrective actions are implemented. 
Normally, in our approach, potential accidents and 
ergonomics are handled at previous levels. Here, less 
important risks related to components, final forms, etc. are 
studied. At this stage, potential interaction mainly involves the 
design technical choices. 

Consequently, IRAD considers design as an iterative 
activity between a design process and a risk process (Figure 4). 
These two processes are evolving simultaneously, and one 
influences the other. The design process is divided into six 
phases (Pi, i=1..6). Similarly, the risk process is divided into six 
contexts (Ci, i=1..6). 

 
Figure 4. IRAD: Mapping between design process and 

risk process. 

This paper aims to complete the approach recently 
proposed by giving the mechanism of  functional requirements 
generation in order to integrate safety objectives more 
efficiently and more naturally early in the design process. To 
do so, we introduce the concept of  safety requirements versus 
technical requirements. We give typologies of  safety goals 
according to the considered design stage. And finally, we show 
that if  safety constraints are integrated lately to design it leads 
to the generation of  safety requirements and consequently to 
the complication of  the design.  

3 SAFETY OBJECTIVES DEFINITION DURING 
DESIGN 

3.1 RISK PROCESS 
The risk process, resulting from the mapping between 

design and safety, describes the relation between designers and 
ergonomists all along the design process. Designers propose 
the solution that may satisfy technical requirements supported 
by constraints, while ergonomists associate risks with the 

resources available in design. Our approach requires an 
additional effort from ergonomists to translate potential risks 
into design objectives, called safety objectives, in order to 
facilitate communications between designers and ergonomists. 
To facilitate safety integration in design, IRAD gives 
guidelines to risk definition that are transformed into safety 
objectives. Safety objectives thus depend on the design stage 
under consideration, and have different typologies at each 
stage. 

As stated previously, the proposed risk process is divided 
into a functional domain and a physical domains Due to the 
differences in the inherent characteristics between the design 
stages (Pi, i=1..6) , the risk contexts’ Ci (i=1..6) characteristics 
are similarly inherently different (Figure 5).  

 
Figure 5. Risk process. 

The risk functional domain is divided into three types of  
safety requirements: 

3.1.1 C1: SUPER-SYSTEM REQUIREMENTS 
We call the elements in interaction with the product in a 

given lifecycle situation "super-systems". They may 
correspond to physical, human, environmental, etc., 
components. This context outlines safety requirements related 
to the use context of  the product. These requirements are 
deduced from risks arisen in ground (experience feedbacks) 
due to the use of  the same or similar products. At the 
associated design phase (P1), the product is described through 
its desirable functionalities (mainly technical), design 
constraints, characteristics and super-systems. The context C1 
completes these technical requirements with others ensuring 
the minimisation of  risks generated by the super-systems. This 
kind of  risk exists and is totally independent of  the design 
choices. In this regard, this type of  safety requirements is 
expressed by an infinitive verb connecting two or more super-
systems that belong to the considered use situation. In this 
context, safety requirements are input requirements and are 
specific to the overall design goals. Here, safety imposes the 
designer to take specific actions that could be well specified.  

3.1.2 C3: SYSTEM REQUIREMENTS 
We call the product's structure and architecture the 

"system". This structure is based on the solutions' principles 
organization and structuring. This context describes the safety 
requirements leading to the product's structure identification. 
From the human point of  view, this structure induces a 
procedure resulting from the product functioning mode. A 
procedure is a set of  activities cooperating in a chronological 
way in order to reach a specific goal. Therefore, we consider a 
procedure as the succession in time and space of  the multiple 
tasks that a user must do. At this stage, design consists in 
functions allocation between the solution and the human in an 
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ordered way. Functions' allocation is directly affected by the 
working principle chosen at the phase P2 which defines the 
nature of  the activity (automated or manual) as well as the 
human intervention degree and its frequency. This will set 
constraints to point out the better product's structure. Here, 
human safety is characterized by the human spatial position, 
his activity temporisation and his anthropometric data. In 
addition, the nature of  the human activity is involved by his 
physical efforts limitations. These physical limitations will 
involve product functioning mode as well as dimensioning and 
materials choices. At this design stage, human characteristics 
are input constraints defined at the beginning of  the design 
process. These constraints may result from either the 
experience feedback or the standards. The main characteristic 
of  this context is to describe spatial and temporal separation 
between the product and the human. Besides these constraints, 
this context contains system safety requirements. These 
requirements consist of  input constraints specification 
according to the physical design choices. 

3.1.3 C5: SUB-SYSTEM REQUIREMENTS 
We call the product's components that allow finishing the 

product at the detail design level the "sub-system". This 
context describes safety requirements involving the 
components choices. A large number of  these components 
constitute the human-machine interface. The human-machine 
describes the interaction between the user and the product in 
the use phase. This interface results from the nature of  the 
human activity. More precisely, this context describes the 
safety requirement that leads to the product's final 
components choice according to the required human 
characteristics (vulnerability and ergonomic). The difference 
with the previous types of  interaction is that here, safety 
requirements have minor effects on the global product safety. 
At this level, safety is expressed as functional requirements 
induced by the previous levels. These requirements result 
from the risk remaining in the previous levels.  

The risk physical domain is based on three types of  risk:  

3.1.4 C2: ACCIDENTS 
This context describes the possibility that an accident 

occurs. At this stage of  design, accidents could be related 
either to the use context or to the chosen working principle. 
We consider that an accident must be generated by a source 
of  energy and the potential risk depends on the nature of  the 
energy. In case of  new product design, the typology of  risk of  
a used energy is identified through the use of  standards. Risks 
are thus assessed according to the energy's nature and intensity. 
At the conceptual design level, we focus on the energy's 
intensity used in the selected physical concepts. Obviously, the 
intensity may be transformed and thus, the potential effects 
may be reduced during design. Reducing the energy intensity 
makes the product safer. Indeed, the transformations that may 
occur in the following stages allow this energy to be hidden 
but not to be totally eliminated. Moreover, the effects of  the 
technical choices decrease while evolving in design.  

3.1.5 C4: ERGONOMICS 
This context describes the violation of  the human 

anthropometric and physical data by the chosen structure in 

phase P4. The product's structure allows the dangerous zone 
(D-Z) as well the user locations to be described. The task 
allocated to the user could be specified. A dangerous zone is a 
geometrical zone delimitating a dangerous phenomenon. It 
could be permanent or accidental. At this level of  design a 
dangerous phenomenon may take effect if  the allocated task 
violates the ergonomic constraints or if  the user is in an 
energy zone. In this context, safety requirements are divided 
into two types; system requirements describing ergonomics 
needs and input requirements resulting from a previous design 
stage. The second type describes the risk of  accidents not 
eliminated at the conceptual design. Ergonomics are mainly 
specified by a task. A task defines a posture, a movement and 
physical efforts. Dangerous zones are defined by a form, 
location, volume and gravity. Here, we distinguish two types 
of  dangerous zones: (1) those imposed by the use context and 
(2) those resulting from the solution. The first type of  
dangerous zone is considered as existing to the overall design 
and the solution has to compensate its effects. The second 
type is generated by the decisions-making during design and 
corresponds to the system's risk. Finally, this context studies 
the compatibility of  the design skeleton with the human one.  

3.1.6 C6: RESIDUALS 
We call residuals the risks related to the design choices 

having little effects on the human-safety. In this context, the 
risk resulting from the physical design choices may generate 
either accidents or ergonomic problems. At the corresponding 
design phase P6, the product components and then their 
structures are selected. This context describes the potential 
risks related to the components. These risks may be generated 
by the component's structure, or by the energy incorporated 
in these components. This type of  risk is entirely related to 
the decision made during design. Risks are identified due to 
the experience feedback related to the use of  these 
components in other designs by studying the interaction of  
the components skeleton with the human members' skeleton. 
Figure 6 summarizes the concepts of  IRAD. 

3.2 SAFETY OBJECTIVES TYPOLOGY 
To define safety objectives correctly, IRAD gives several 

typologies of  safety requirements and constraints according to 
each stage of  design. These typologies are described by the 
proposed risk process (Figure 5). 

In IRAD, humans are described by (1) vulnerability, (2) 
morphology, (3) physical capability and (4) ergonomic 
postures. All of  these descriptions constitute constraints when 
starting the design process. 

In order to define safety objectives, it is important to 
distinguish between input safety objectives and system safety 
objectives. 

Input safety objectives are those defined at the beginning 
of  design and are true for the overall design. They are those 
arisen from past experience. At the conceptual design stage, 
they are defined in terms of  functional requirements, are 
related to the use context of  the product and are independent 
of  any possible solution. These requirements describe the 
minimization of  the energy accumulated in the product 
environment. This type of  requirement describes the risks of  
the product even before the product is created. However, at 
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the embodiment and detail design stages, safety objectives 
consist of  input constraints (morphological and ergonomic 
data). More specifically, at the detail design stage, safety 
constraints describe the members’ ergonomic constraints 
(Figure 7). 

System safety objectives are defined during design and are 
true for a specific design and are the consequence of  the 
design choices. Risks related to the design parameters choices 
are converted into safety requirements and are to be taken 

into account in the following design stages. System safety 
objectives are functional requirements. This type of  functional 
requirement is created during the design process when some 
constraints are not satisfied (Figure 8). More precisely, it 
consists of  unsatisfied constraints that are converted into 
safety requirements to be taken into account in the following 
design stages. In fact, unsatisfied constraints are specified 
when progressing in design and necessitate design parameters.  

 
 

 
Figure 6. The concepts of  IRAD. 

 
 

 
Figure 7. Definition of  input safety objectives. 

 
 

 
 

Figure 8. Definition of  system safety objectives. 
 
 

3.3 SAFETY DESIGN SYNTHESIS 
In IRAD, design synthesis is based simultaneously on 

technical requirements (TRs) and safety requirements (SRs).  
Safety design synthesis should satisfy the independence 

axiom of  the Axiomatic Design. These design solutions could 
be uncoupled or decoupled. Decoupled designs have 

triangular design matrices and therefore require a certain 
sequence of  operations. 

Design matrices are thus either diagonal (uncoupled) or 
triangular (decoupled). Decoupled matrices can be either 
upper or lower triangular.  
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Design synthesis based on technical and safety 
requirements allows the consideration of  safety as an integral 
part of  the entire design solution.  

4 CASE STUDY 1: DUAL KNOB FAUCET 
The most common injuries from using domestic hot 

water are skin burns. Accidents affect mainly children and 
older people because of  their limited mobility. Hot water can 
reach the 60°C, exceeding the 38°C the legal safety 
temperature. In addition, over 50°C, hot water causes serious 
burns. 

The technical functional requirements of  dual knobs 
faucet are: 

FR1: Control the temperature of  water; 
FR2: Control the flow of  water. 

4.1 DEFINITION OF WATER FAUCET INPUT SAFETY 
OBJECTIVES 

The analysis of  past experience provides the input safety 
objectives. The use of  hot water leads to burnings. This 
constitutes the risk of  an accident. This event is thus placed in 
the C2 context “accident” of  the risk process and generates a 
safety requirement in the context “C1 super-system”. In this 
case, a “safety requirement” generated is « Maintain a safe 
temperature ».  

This requirement is then integrated to the requirements 
list and is measured by Figure 9: 
 

Functional requirements Measures 

FR1 : Control the 
temperature of  water 

0 ≤ Tm ≤60°C 

FR2 : Control the flow of  
water 

1,5 ≤ Pm ≤ 4 bars

SR3 : Maintain a safe 
temperature  

0 ≤ Tm ≤38°C 

Figure 9. Requirements list integrating input safety 
requirements. 

Tm and Pm are respectively the temperature and the 
pressure of  the outlet water. 

In addition, limited mobility is an ergonomic problem 
and is thus placed in the context “C4 ergonomic”. This risk 
generates a “safety constraint” «Take into account the mobility 
of  the users» to be taken into account during the embodiment 
design stage.  

The consideration of  the experience has lead to a new FR 
noted SR3.  

In this case the design matrix is Figure 10: 
 

 
Figure 10. Design matrix of  the dual knob faucet 

integrating input safety requirement 

4.2 DEFINITION OF THE WATER FAUCET SYSTEM 
SAFETY REQUIREMENT 

Here, we will consider that the conceptual design of  the 
water faucet is validated. The system safety requirement thus 
results from design parameters analysis. The design matrix, 
representing the relation between the functional requirements 
and the design parameters, of  the water faucet is shown in 
Figure 11: 

 

 
Figure 11. Design matrix of  the dual knob faucet  

In this case, the design parameters are: 
DP1: Cold water valve; 
DP2: Hot water valve. 

The analysis of  the design parameters shows that the 
outlet water temperature may reach the 60°C and thus exceeds 
the legal safety temperature. If  the conceptual design is 
validated, this risk is converted into a system safety 
requirement at the embodiment design stage as following 
Figure 12:  
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Functional domain Physical domain 

 C2 : Accident 
Tm>38°C  burning 
 

C3 : System requirements 
SR2.1: Minimize the 
intervention of  the user to assess 
the outlet water temperature  
 
 

 

Figure 12. Definition of  system safety requirements 
through the analysis of  the design choices.  

The little consideration of  the experience at the 
conceptual design (HPI) stage has lead to a new “system FR” 
Figure 12 in the “embodiment design stage” (HSI). In 
addition, Figure 11 shows the expected coupling in the classic 
water faucet problem [Suh, 1990]. It also shows an interaction 
between the temperature limiting device and FR1 to control 
the temperature. The designer’s task is to decouple the 
functional requirements. This could be accomplished by 
selecting alternative DPs. In the absence of  FR3, the solution 
would be driven to a lower triangular. It would be better to 
first control the temperature and then control the flow. The 
presence of  FR3 to limit the temperature could remove the 
risk of  burning. The presence of  an X between FR1 and FR3 
in Figure 10 indicates an expected interaction between the 
temperature control and the device to maintain a safe 
temperature. 

5 CASE STUDY 2: ALPINE SKI BINDINGS AS 
SPECIAL HUMAN-MACHINE 
MECHANICAL INTERFACES  

Mechanical human-machine interfaces, such as an alpine 
ski bindings, hand power tools or vehicle steering columns, 
need to transmit control loads from the user to the machine. 
The potential to transmit injurious loads to the user should be 
avoided. The top FRs is to transmit control loads and the top 
SR is to filter injurious loads. Steering columns filter injurious 
loads by collapsing under impact in a collision. The collision 
and normal driving loads are different enough so that there is 
no mistaking one for the other and there is no inadvertent 
collapsing of  steering columns. It is known from experience 
that ski bindings however suffer from inadvertent release, i.e., 
mistaking non-injurious loads for injurious loads. In the 
“conceptual design stage (HPI)” in the context “C1 super-
system requirements” one or two safety requirements can be 
defined. SR1 is “to avoid transmission of  injurious loads”. 
This is common to all such mechanical interfaces. In the case 
where SR1 is satisfied by a release system, whereby control 
might be lost, such as, a conventional releasable ski binding 
with explosive bolts, or an ejection seat, then SR2 would be 
“to avoid inadvertent release” (Figure 13). 

At this point, the design is similar in some ways to the 
previous case study on the faucets. It is necessary to separate 
FR1 and 2. At the HSI stage, two sub-systems could be 
envisioned based on the magnitude of  the loads, provided 
that there is a clear difference in the control and injurious 

loads. Experience shows however that high loads, even 
potentially injurious loads, can be sustained without injury for 
short durations. If  the binding releases in these situations, 
then loss of  control and serious injury from collisions can 
result. In the HSI stage this calls for a method to 
systematically discriminate between actual injurious situations 
and non-injurious, high-level, short-duration load spikes.  

Two system level approaches have been developed to 
avoid inadvertent release. One is impulse-based and has been 
developed at the detailed level electrically. It tests that the load 
is of  sufficient duration to approach injury potential before 
release [DiAntonio, 1983]. The other is work-based and has 
been developed at the detailed stage using preloaded springs 
to transmit control loads below the preload without significant 
displacement until the preload has been exceeded. It assures 
that work is done on the mechanism at sub-injurious loads 
adsorbing energy that would have caused injury or release 
[Havener and Brown, 2010]. The preloaded spring mechanism 
can change the off-diagonal Xs in the of  the control matrix 
shown in Figure 13 to Os, because it filters injurious loads 
while faithfully transmitting control loads and adsorbs energy 
that could cause inadvertent release. 
 

 
Figure 13. Design matrix of  the alpine ski binding 

integrating input safety requirements.  

6 CONCLUSION 
This paper deals with a method for the definition of  

safety objectives early in the design process. The recently 
proposed IRAD method gives the typology of  safety 
objectives at each stage of  design. When the design process is 
started, safety objectives are contextual requirements and 
ergonomics constraints. In this paper, it is shown that safety 
requirements generated during design are functional 
requirements. These requirements are the specification of  
safety constraints initially defined in design. Like technical 
objectives, safety objectives consist of  input and system 
objectives and are described in terms of  functional 
requirements and constraints. The application of  the method 
to the water faucet and the ski bindings has been shown. 

In future work, the development of  design tools in order 
to facilitate the implementation of  this approach and support 
design should be examined. Future research should focus on 
the problem of  integrating safety aspects without affecting 
technical design aspects, such as, performance and quality. The 
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formalization of  safety requirements expression 
independently of  the intentions and the perceptions of  the 
decisions makers should be handled. The idea is to examine 
the activity of  the decision maker in charge of  expressing 
safety requirements (designers or ergonomists).  

7 REFERENCES 
[1] Hollnagel E. (2008) "Risk + barriers = safety?", Safety 

Science, vol. 46, pp. 221-229 
 [2] Fadier E. De la Garza C. (2006) "Safety Design: Towards 

a new philosophy", Safety Science, 44(1), pp. 55-73 
 [3] Fadier E. (2008) "Editorial of the special issue on design 

process and human factors integration", Springer-Verlag, 
Cogn Tech Work, pp.1-5 

 [4] Lo S. Helander M.G. (2007) "Use of axiomatic design 
principles for analysing the complexity of human-
machine systems", Theoretical Issues in Ergonomics 
Science, vol. 8, No.2, pp. 147-169   

[5] Sklet S. (2004) "Comparison of some selected methods 
for accident investigation", Journal of hazardous 
materials, vol. 111, pp. 29-37 

[6] Shupp B. Hale A. Pasman H. Lemkovitz S. Goossens L. 
(2006), "Design support for systematic integration of risk 
reduction into early chemical process design", Safety 
Science 44, pp. 37-54 

 [7] Bernard A, Hasan R (2002) Working situation model for 
safety integration during design phase. CIRP Annals - 
Manufacturing Technology 51:119-122 

 [8] Suh N. (2007) Ergonomics, Axiomatic Design and 
Complexity Theory. Theoretical Issues in Ergonomics 
8:101-121 

 [9] Suh N. (1990) The Principles of Design. Oxford 
University Press. 

 [10] Ghemraoui R. Mathieu L. Tricot N. (2009a) Human-
safety analysis approach based on Axiomatic Design 
principles, International Conference on Axiomatic 
Design 2009, Lisbon, Portugal 

[11]  Ghemraoui R. Mathieu L. Tricot N. (2009b) Design 
Method for Systematic Safety Integration. CIRP Annals - 
Manufacturing Technology 58:61-164  

[12] Pahl G. Beitz W. (2007) "Engineering design: A 
systematic approach", Springer Verlag, New York 

[13] Suh N. (2001) Axiomatic Design: advances and 
applications. Oxford University Press 

[14] Brown C.A. (2005) “Teaching Axiomatic Design to 
Engineers – Theory, Applications, and Software,” SME 
Journal of Manufacturing Systems, 24:3, pp.186-195 

[15] Ge P, Lu CY, Suh N (2002) An axiomatic approach for 
target cascading of parametric design of engineering 
systems. CIRP Annals - Manufacturing Technology 
51:11-114 

[16] DiAntonio Nicholas D. (1983) Electronic safety ski 
binding release, US Patent 4,387,307 

[17] Havener D.M., Brown C.A. (2010) Spring loaded, tilting 
binding plate, 5th International Congress on Science and 
Skiing, Department of Sport Science and Kinesiology, 
University of Salzburg, to be published. 

 
 

 



Proceedings of ICAD2011 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 2011 
ICAD-2011-10 

 
 

 

ABSTRACT 
All companies wish to avoid issues such as expensive 

recalls, costly product reworks, and unexpected delays in 
product releases. Major contributing factors for these issues 
are the inability to troubleshoot problems and the lack of  
decision-making processes in design. Under present design 
processes such as Design for Six Sigma (DFSS) or Axiomatic 
Design (AD), design engineers are often left to deal with 
crucial requests in uncertain conditions, which make it 
difficult to predict failure mechanisms and customer demands. 

This paper proposes a different method in the decision-
making process called Mechanism-based Solution Design 
(MSD). MSD proposes a transparent way to determine 
“Desired Results” through a three step process: defining 
issues, analyzing the mechanisms, and determining the 
solutions in every domain in AD. This process is ideal for 
troubleshooting and design because designers can reduce 
ambiguity and iteration easily with MSD. Therefore, MSD is 
an essential tool for design engineers who want to achieve 
design creativity and positive results when faced with difficult 
problems. 

Keywords: design process, Design for Six Sigma, Axiomatic 
Design, Mechanism-based Solution Design. 

1 INTRODUCTION 
Engineers are the leaders of  social innovation in 

developing new technological solutions. Design engineers 
apply scientific knowledge, mathematics and ingenuity when 
developing solutions for technical problems. They are tasked 
with designing materials, machine structures and systems 
within the limitations imposed by practicality, safety and cost. 
During the engineering design process, an engineer’s 
responsibilities include defining problems, narrowing research 
boundaries, analyzing criteria, finding solutions, and making 
decisions. Design engineers may also follow products and 
make requested changes and corrections throughout the life 
of  the products, which is referred to as "cradle to grave" 
engineering. The product design process has influence on the 
overall performance of  the system, development cost and 
time [Park, 2007]. It is generally accepted that most design 
engineers are not utilizing systematic design approaches to 
reach “good designs”. The present stereotypical design 
process is fairly inefficient and time-consuming because there 

is too much feedback during the process [Lee et al., 1996]. A 
lot of  resources are wasted by design problems which were 
absent or unpredicted in the design process. Therefore, many 
design engineers struggle to find proper solutions for 
identified problems with their own know-how or present 
problem-solving processes. W. Edwards Deming states, “If  
you can't describe what you are doing, as a process, you don't 
know what you're doing” [Deming, 1982].  

The Mechanism-based Solution Design (MSD) process is 
the first contribution in this paper for a clear way to setup an 
efficient decision making process in Axiomatic Design. 
Therefore many design engineers can effectively access the 
solutions of  each domain in Axiomatic Design. Part 1 of  this 
paper proposes the 1st step which defines issues through the 
identification of the current states to develop the desired 
results and defines the issues. Part 2 of  this paper proposes 
the 2nd step which analyzes the mechanisms by checking the 
hypothesis on the issues and verifying the hypothesis and 
defining the mechanism model. Finally, the 3rd step 
determines the solutions by refining the desired results, 
optimizing the design solutions, and performing new design 
validation. This process is ideal for troubleshooting and new 
designs are also adaptable because designers can reduce 
ambiguity and iteration easily with MSD. 

2 REVIEW OF PRESENT DESIGN 
PROCESSES 

Many design projects should be able to execute the four 
steps of  the design process as follows: 
• Step 1. Definition of functional requirements (FRs). 
• Step 2. Ideation or creation of ideas. 
• Step 3. Analysis of the proposed solution. 
• Step 4. Inspection of the fidelity of the final solution to 

the original needs. 
The Axiomatic Design (AD) approach to the execution 

of  the above activities is based on a four key concepts. 
In the first step, the functional requirements (FRs) are 

defined to satisfy the original perceived needs. The 
appropriate set of  design parameters (DPs) to satisfy the FRs 
must then be defined via a physical entity. The proposed 
solution is analyzed using design axioms and other applicable 
physical laws and principles to ascertain if  the solutions 
proposed are rational. Finally, the reliability of  the final 
solution to the original perceived needs must also be 
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established. Each step often involves iteration, which may 
involve the redefinition of  FRs, the creation of  new ideas, and 
the modification of  the proposed solutions. 

In AD, the functional requirements (FRs) are generated 
from the given customer needs (CNs). Defining the needs of  
the customer and the determination of  FRs is very difficult 
without professional experience because the customers’ 
demands are often unclear, unfeasible, and inconsistently 
delivered to design engineers. Design engineers can be given 
with too much data to follow up on. The results of  AD are 
sometimes hard to control because a huge design matrix can 
cause some engineers to narrow the scope of  analysis without 
considering the system and be satisfied with partial 
optimization. In the end, insufficient solutions for the system 
may be presented by the design engineers. 

Many design engineers who I have spoken with, including 
many professors of  mechanical engineering, have experienced 
problems in the past by not properly defining functional 
requirements and the problems in a system. However, most of  
the AD solutions display sharp insights of  the issues. The 
Axiomatic Design analogy (FRs from CNs, FRs and DPs 
obtained through the ‘zigzagging’ processes, DPs that check 
the manufacturability from the PVs) provides sharp insights 
and a deep understanding of  the system that are essential to 
design engineers. Unfortunately, it is rare that well-trained 
professional engineers are in the field. Thus, a process is 
needed for engineers to more easily access the solutions of  
each domain in Axiomatic Design. 

Mechanism-based Solution Design (MSD) offers a clear 
way to establish the “Desired Results” through a three-step 
process from defining issues to the determining mechanism-
based solutions, in which the “Desired Results” mean a 
properly defined marketing strategy, functional requirements, 
design parameters and production variables as the design 
solutions of  each domain in Axiomatic Design. 

3. MECHANISM-BASED SOLUTION DESIGN 
MSD provides a clear process for solving problems and 

design in the Axiomatic Design framework. Figure 1 shows 
the process of  Axiomatic Design using MSD. 

If  we know the functional/physical mechanism of  a target 
system then it is helpful to suggest a creative solution. A 
creative problem solving ability will depend on deep 
involvement to devise the theme of  the issues. In-depth 
knowledge of a problem will often bring better alternatives 
than intelligent insights. However, if  we do not have the 
necessary knowledge and insight, the designer should provide 
a logical overview of  the system. Additionally, we must 
identify the 'essence' of  the critical issues. Bigger and more 
important issues need a focus on the “root mechanism” in 
order to best find solutions. MSD proposes a three-step 
process as follows: 
• Step 1: Define the issues. 
• Step 2: Analyze the functional/physical mechanism. 
• Step 3: Determine the design solution 

The process of MSD is shown in figure 1. It starts with a 
function/effects analysis from “current states” to “desired 
results”, which confirms the gap between “desired results” 
with the “current state” for defining issues, performs a 

mechanism analysis of defined issues, and determines the 
design solutions with systematic thinking. 
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Figure 1. Axiomatic Design using MSD method. 

3.1 DEFINE THE ISSUES 
Defining the issues of  the target system focuses on “what 

are the problems to be solved”. In this paper, issues are 
defined as the set of  defined problems which constitute the 
gap between the “current state” and the “desired results” viz. 
the challenges. One caveat here: in recent years, product 
reliability has been emphasized in the early stages of  design, 
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and engineers often face extreme external pressure in 
providing credibility of  a new design idea to a board and 
others. Hence, they often place too much focus on reducing 
risks in their decisions instead of  setting a challenging goal as 
a desired result. This makes obtaining creative design 
solutions more difficult. In order to achieve more creative 
design results, figure 1 illustrates the proposed process for 
defining the issues in MSD. 

The defining the issues can be applied to all the domains in 
AD, as follows in these three phases: 
• Phase 1: Identify the current states. 
• Phase 2: Develop the desired results. 
• Phase 3: Define the issues. 

3.1.1 IDENTIFY THE CURRENT STATES 
The purpose of  this phase is the identification of  current 

states with the analysis of  present work. The identification of  
functional failure modes (FMs) and failure effects (FEs) 
analysis is the function and effects analysis process which 
helps to define “Where we are standing” by researching the 
current state of  art and the demands of  the customers. It 
should be developed using a fact base, critical thinking, and outside 
the box thinking. Also, an existing worked failure mode and 
effect analysis (FMEA) or fault tree analysis (FTA) can be 
helpful for the analysis of  present FMs [HEO et al., 2007]. 
However, in the early phases of  the design process, engineers 
simply cannot foresee all potential failure mechanisms. Thus, 
as [HEO et al., 2007] describes, it is rare to get a complete 
FTA of  the target system. Therefore, we need another 
reasonably simple approach for the functions and effect 
analysis of  a system which should follow the Mutual Exclusivity 
and Collective Exhaustion (MECE) principle [B. Minto, 1996].  

 

 
Figure 2. The 5W1H function and effect analysis. 

This implies a similar philosophy to the independent axiom. 
Mutual exclusivity avoids the risk of  redundant issues, and 
collective exhaustion avoids the risk of  missing issues. This 
concept is desirable for the purpose of  systematic design 
thinking. Thus, this paper suggests the concept of  5W1H 
functions and effects analysis for the analysis not only of  
current states but also of  new designs based on the MECE 
principle shown in figure 2. In order to apply the 5W1H 
method for analysis of  the system, first of  all, we should 

define the scope of  the analysis. Next is the classification of  
the current states as follows. “Who” means the characteristics 
of  the customer. “When, Where” means the situational 
operation. “What” means functional requirements. “How” 
means design parameters. And “Why” means the mechanism 
of  functions and effects; for example, the functional failure 
modes received from the post sales service data and the 5 
forces analysis results as market competitors’ technology 
trends. Finally, we should map from the FMs in the functional 
domain to the failure effects (FEs) in the customer domain 
and define the scope of  the issues. The results of  the 
identification of  current states process are denoted as follows 
in Table 1 where CCFL is a Cold Cathode Florescent Lamp, 
and LED is a Light Emitting Diode. 

The example takes a look at an external electrode 
fluorescence lamp (EEFL) back light unit (BLU) for an LCD 
TV Company. They are the supplier of  EEFL BLUs for an 
LCD Panel Company.  

 

 
Figure 3. The layout of  BLU and EEFL into BLU. 

The operating mechanism of  conventional EEFLs is 
shown in figure 6. These lamps are driven under very sever 
conditions: AC1200V ~ 2000V /60 kHz with temperatures up 
to 260°C. The inner side of  lamp glass wall is coated with 
R.G.B. phosphor materials, and it contains Hg, Ar and Ne 
gases with vacuum conditions. Plasma is discharged on both 
inner sides of  the external electrode by the driving conditions. 

 

Figure 4. The operating mechanism of  conventional 
EEFLs.  
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Table 1. Functional failure modes and effects analysis. 
Current Functional 

Failure Modes 
Effects/Trends in 

Customer/Business 
Functional complaints 
/Customers’ demands 
1) Need to reduce price of  
BLU 
2) Need to increase 
luminance of  BLU 
3) Need to reduce power 
consumption about 50% 

Functional complaints
effects  
1) Customer reduces our 
orders and increase orders 
to low price company. 
2) Performance of  LCD TV 
cannot upgrade, looking for 
LED BLU company. 

Post sales service data 
1) Luminance decreased by 
aging 
2) The lamp colour 
coordinates changed by 
aging 

Post sales service effects 
of  business 
1) Brightness of  LCD TV 
degrades, required to the 
quality improved BLU and 
reduces our order. 

Etc. functional VOC 
1) The luminance quality 
dispersion of  each lamp is 
too wide. 

Etc. functional VOC 
effects of  business 
1) Customers require to the 
quality improved samples 
and reduce our order. 

5 Forces Analysis Effects/Trends in 
Customer/Business 

Competitive rivalry within 
an industry 
1) W company’s new 
developed EEFL BLU 
reduce the cost 10% and 
increase luminance 5% 

Competitive effects of
customer/business 
1) Customer reduces our 
orders and increase W 
company orders. 

Bargaining power of  
suppliers 
1) BLU parts suppliers 
refuse the price cuts 
2) Japanese phosphor 
company don’t improve 
quality. 

Suppliers bargaining 
effects of  customer and 
business 
1) Cannot reduce the 
manufacturing cost of  BLU
2) Colour change by aging 
degradation don’t improved

Bargaining power of  
customers 
1) If  we do not make the 
target price, customer will 
reduces our orders. 

Customers bargaining 
effects of  business 
1) Maximize customers 
profit 
2) Deficits our business 

Threat of  new 
entrants/technology 
1) LED BLU market 
increased to 20% in 2011 

New threat effects of
customer/business 
1) The growth of  EEFL 
BLU market seems to be 
stop. 

Threat of  substitute 
products/technology 
1) S company reduces lamps 
from 16 to 8 and save power 
consumption about 30% for 
42”LCD TV CCFL BLU 

Threat of  substitute 
effects of  business 
1) EEFL BLU lose market 
to the CCFL BLU 

 
In order to analyze the failure mechanism, we will require 

a mapping between domains. Current business states (CBSs) 
are influenced by CFRs, CFR are influenced by current design 
parameters (CDPs), and CDPs are influenced by current 
production variables (CPVs). In this paper, we define the 

relationship between domains as a “mechanism” which is also 
adaptable to every domain of  the “Desired Results site”. 

The relationship between CFR & CBS is: 
 CBS CBM CFR                             6  

 
 where the current business mechanism matrix CBM is given 
by: 
 CBM                    7  

 
Eq (6) is a current business states equation of  H-

Company,. The relationship matrices of  each domain are 
defined by the mechanism matrixes in MSD. For the easy 
analysis of  mechanisms of  businesses, the [CBM] is either 
diagonal or triangular in order to satisfy the Independent 
Axiom. 

For example, the current business states of  H-Company 
can be classified as the following process. 
CBS1 The profit of  our company decreases because the 

customer reduces our order 
CBS11 Customers increase orders of  W-Company’s 

newly developed BLU and decrease our order. 
CBS12 Customers consider adapting S-Company’s 

CCFL BLU. 
CBS13 Customers looks to LED BLU Company for a 

new design. 
CBS2 Customers require improved quality samples 

CBS21 Customers require “the luminance decreased by 
aging” to be improved in samples 

CBS22 Customers require “the lamp colour coordinates 
are changed by aging” to be improved in samples 

CBS23 Customers require “the luminance quality 
dispersion of  each lamp is too wide” to be 
improved in samples 

The current functional states can be classified as the 
following process: 
CFR1 Customers require the BLU performance to be 

upgraded and cost reduction. 
CFR11 W-company’s newly developed EEFL BLU 

reduces the cost by 10% and increases luminance 
by 5%. 

CFR12 High current operating CCFL BLU reduces 
lamps from 16 to 8 and saves the cost and power 
consumption by about 30%.  
At 12mA operation of  EEFL can achieve high 
luminance and efficiency as CCFL but pinhole 
failure occurs at the external electrode side within 
30 minutes. It is fatal error in LCD TVs but very 
many professional engineers in the BLU market 
could not resolve pinhole failures for about 3 years. 

CFR13 Customers want to reduce power consumption 
about 50%. Only LED BLU satisfies the demand. 
But it has heat sink problems. 

CFR2 Customers require improved quality samples. 
CFR21 The characteristics of  50% luminance decreased 

by aging. Most BLU assure 60000h reliability of  the 
50% luminance decreased by aging at 7mA 
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operation but assure 50000h/8mA, 25000h/12mA 
at CCFL. 

CFR22 The lamp colour coordinates changes by aging. 
Especially a blue colour is changed quickly. 

CFR23 The luminance quality dispersion of  each lamp 
is about 8%. “It is too wide.” 

Therefore the current business mechanism of  H-
Company’s EEFL BLU is denoted as follows: 

 CBS11CBS12CBS13CBS21CBS22CBS23
X XX X X X X

X XX X
CFR11CFR12CFR13CFR21CFR22CFR23

          8  

 

And current design parameters can be developed as 
follows: 
CDP1 The numbers of  lamps in a EEFL BLU is 16 for a 42” 

LCD TV. The number of  lamps in a CCFL is going to 8 
and our cost of  manufacturing is high into market. 
CDP11 The dielectric constant influence to increase 

luminance. For cost reduction and luminance 
improvement, the glass tube material changes from 
borosilicate glass to alkaline glass. 

CDP12 We know that the core parameter that influences 
pinhole failure is current density [Cho et al., 2004]. 
The area of  electrode should be enlarged, but the 
length of  electrode is limited by the width of  LCD 
TV bezel. So they try to increase the diameter of  
electrode part as shown in figure 5. 
Lamp diameter also influences pinhole failure but 
they don’t want to enlarge the lamp diameter 
because of  cost reduction. 
Matsushita [2005], Cho et al. [2004] claim that high-
voltage discharge or surge affects the pinhole 
failure.  

CDP13 Competitive LED array layout design for heat 
failure free LED BLUs. 

CDP2 The market middle class quality BLU. 
CDP21 A symptoms of  Hg gas turning to amalgam by 

aging. Other gases also chemically degrade. 
CDP22 The phosphors characteristics degrade by aging. 

The blue colour phosphor degrades especially 
quickly. 

CDP23 The phosphors characteristics dispersion and 
accuracy of  phosphors mixture ratio influence the 
luminance quality dispersion of  each lamp. 

 CFR11CFR12CFR13CFR21CFR22CFR23
X X XX X X X

CDP11CDP12CDP13CDP21CDP22CDP23
         11  

 

 
Figure 5. Electrode enlarged EEFL [D.-H. Gill, 2005]. 

And current production variables can be developed as 
following process 
CPV1 The number of  the EEFLs goes from 16 to 8 then the 

cost of  the BLU decrease by 30%. 
CPV11 The lamp alkaline glass contains a significant 

amount of  Na which will chemically react with the 
Hg gas. It will reduce the life of  the lamp. 

CPV12 The process variable of  resolving pinhole failure 
is the lake of  engineer’s passion. 

CPV13 The process variable of  LED array 
manufacturing. 

CPV2 The market top class quality BLU. 
CPV21 The lamp alkaline glass includes Na which will 

have a chemical reaction with Hg. Most lamp 
companies eliminate the inner glass protection 
coating process to reduce cost and improve 
luminance. 

CPV22 We require characteristics of  the phosphors to 
be upgrade by a Japanese phosphor material 
company. But it shows no improvement. 

CPV23 We require characteristics of  the phosphors to 
be upgrade by a Japanese phosphor material 
company. Our process of  phosphors mixture is 
very well controlled. 

Therefore the current physical mechanism of  H-
Company’s EEFL BLU is denoted as follows: 

 DP11DP12DP13DP22DP21DP23
X X X X XX X

CPV11CPV12CPV13CPV22CPV21CPV23
           12  

 
A more in-depth analysis runs into a similar process. The 

exact scope of  the analysis is limited to the EEFL issues in 
this paper because considering all of  the parts of  the BLU is 
too large a sample to explain the purpose of  introducing the 
MSD process. The author notes this to obtain benefits for the 
case. 

3.1.2 DEVELOP THE DESIRED RESULTS 
The development of  the Desired Results (DRs) in MSD 

means the process of  defining the Marketing Strategies (MSs), 
the Functional Requirements (FRs) and Constrains, DPs and 
PVs for each domain. This starts with the classification of  the 
current states effects analysis data. For example, the planning 
of  MSs for customers/businesses is the development of  
“What are the customers’ demands” through the effects 
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analysis of  the customers’ “needs, wants and validity” as 
follows in table 3. 

Table 3. Analysis of  customer demands 
    Needs Wants Validity 

- Classified 
basic 
requirements 

- Classified 
secondary 
requirements 

- Classified
implicative 
requirements 
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FN analysis 
“Reliable 
BLU for LCD 
TV” 

FW analysis 
“Chip, high 
luminance 
and low 
power 
consumption 
BLU for LCD 
TV” 

FV analysis
“Reliability” 
“Cost” 
“Luminance”
 “Save 
power” 
“Customer’s 
profit” 

 
It is very important to develop MSs for the success of  

the business. This will be developed by customer requirements 
analysis and SWOT analysis process in MSD. The SWOT 
analysis method is a well known process for planning business 
strategies. Table 4 shows the example to develop the 
marketing strategies of  H-Company using a SWOT analysis 
process.  

Table 4. SWOT analysis for marketing strategies 

EEFL BLU 

Strength Weakness 
1. EEFL BLU is 
chipper than 
CCFL BLU 

2. Life cycle of  
EEFL is longer 
than CCFL. 

1.Pinhole failure 
occurs at 12mA 
operation 

2.Increase noise 
and heat in 
BLU 

O
pp

or
tu

ni
ty

 

1. Low cost 
2. At 12mA 
operation high 
efficiency and 
luminance of  
lamp 
3. Study MSD 
process 

OS strategies 
1. Low price, 
high efficiency 
and long life 
EEFL BLU 
develop with 
MSD process 

OW strategies
1. Resolve 
Pinhole failure 
with MSD 
2. Reduce noise 
and heat with 
MSD process 

T
hr

ea
t 

1. CCFL BLU 
reduce lamps 
16 to 8 
2. CCFL BLU 
save 30% 
power 
consumption 
3. Dispersion 
of  the quality 
4. Degradation 
of  quality 

TS strategies 
1. EEFL BLU 
also reduce lamp 
16 to 8 
2. EEFL BLU 
save 30% power 
consumption 
3. Find out the 
mechanism of  
quality 
dispersion  
4. Find out the 
mechanism of  
quality 
degradation. 

TW strategies
1. Reduce No. 
lamps without 
pinhole failure 
2. Increase 
luminance of  
lamp without 
influence of  
noise and heat 
failures. 

 

In order to achieve the desired results, as marketing 
strategy is important in business, the establishment of  a 
conceptual design and the determination of  FRs is very 
important in the engineering side planning. The conceptual 
design is the development process of  the ideal solutions to 
achieve the desired results of  each domain “What to do/How 
to improve customer satisfaction”. The development of  high-
levels of  FRs, DPs and PVs are conceptual design processes 
in MSD which follow the process of  “zigzagging” from MSs 
to PVs. The framework of  the 5W1H with the MECE 
principle provides for customer satisfaction of  well-designed 
products. To determine the design concept is to seek the 
“fidelity” and the “convenience” for customers demands, and 
both should be investigated in the backdrop of  a “zero base” 
and an “outside the box” way of  thinking. The suggested 
design concepts are described as “SMART” which stands for 
specific, measurable, achievable, relevant and following a logic 
tree structure of  functional hierarchy. Finally, design engineers 
should have the ability to differentiate the functional 
requirements and constraints from MSs. The FRs have target 
values but the constraints follow the characteristics of  the 
smaller/larger the better such as cost, performance etc. 

The relationship between MS & FR is: 
 MS CSM FR                               13  

  
where the consumer satisfaction mechanism matrix CSM is 
given by: 
 CSM                     14  

 
Each element of  the consumer satisfaction mechanism matrix 
CSM and MSs & FRs are given by: 
                                      15  

                                  16  
 
Eq (10) is a marketing equation of  business. For a successful 
business, the [CSM] is either diagonal or triangular in order to 
satisfy the Independent Axiom. Therefore, the goal of  the 
marketing equation (13) is to determine each FR to satisfy the 
MS with the requirements of  equation (17).  
  Functional cost of                17  

 
Where, i is an arbitrary row of [CSM]. Equation (17) is 

able to use the index of functional cost of MSs. It is similar 
concept of Information Axiom in the Axiomatic Design. 

For example, the marketing strategies of H-Company can 
be classified as following process. 
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MS1 Customers increase our order and the profit of  the 
company will increase. 
MS11 Customers increase their orders for our cheaper 

and better luminance BLU. 
MS12 Customers adapting newly developed EEFL 

BLUs of  H-Company instead of  CCFL BLUs. 
MS13 Customers develop LED BLUs with H-Company. 

MS2 Customers require other companies to improve the 
quality as much as H-Company. 
MS21 Customers require other companies to improve 

the “luminance decreased by aging” quality as 
much as H-Company. 

MS22 Customers require other companies to improve 
the “the lamp colour coordinates are changed by 
aging” quality as much as H-Company. 

MS23 Customers require other companies to improve 
the “luminance quality dispersion of  each lamp is 
too wide” quality as much as H-Company. 

And functional requirements (FRs) can be developed as 
the following process: 
FR1 H- Company decreases the price of  BLU 15% and the 

cost of  BLU decrease 30%. 
FR11 Reduce the number of  EEFL from 16 to 8 and 

increases the luminance of  EEFL about 120% 
1100cd. 

FR12 Decrease the power consumption of  EEFL BLU 
about 30%. 

FR13 Develop competitive concepts of  LED BLU. 
FR2 Achieves the top class quality of  BLU into the market. 

FR21 Achieves 60000h reliability the 50% luminance 
decreased by aging quality. 

FR22 Achieves the “lamp colour coordinates changed 
by aging” quality as world top class. 

FR23 Achieves quality variance less than 5% of  the 
luminance dispersion of  each lamp. 

Therefore the desired marketing mechanism of  H-
Company’s EEFL BLU is denoted as follows: 

 MS11MS12MS13MS22MS21MS23
XX X XXXX XXX XX X

FR11FR12FR13FR22FR21FR23
            18  

 

Other domains also run into a similar process. 
The determination of desired results in each domain is 

composed of the same conceptual mechanism matrix viz. 
design matrix of each domain to the desired results site are 
defined as desired mechanism matrixes in MSD. 

And design parameters (DPs) can be developed as the 
following process: 
DP1 The number of  the EEFLs drops from 16 to 8 then the 

cost of  BLU decrease by 30%. 
DP11 Pinhole failure frees EEFLs to operate up 

to12mA. 
DP12 The power consumption is about 30% decreased 

for EEFL BLUs. 
DP13 Competitive LED array layout design for heat 

failure free LED BLU. 

DP2 The market top class quality BLU. 
DP21 60000h reliability of  the 50% luminance decreased 

by aging achieved BLU. 
DP22 The reliability of  phosphors achieved EEFL. 
DP23 The luminance quality dispersion of  each lamp 

quality variance is less than 5%. 
 

Therefore the desired functional mechanism of  H-
Company’s EEFL BLU is denoted as follows: 

 FR11FR12FR13FR22FR21FR23
XXX X X XXX XX X

DP11DP12DP13DP22DP21DP23
            19  

 

And production variables (PVs) can be developed as the 
following process: 
PV1 The numbers of  the EEFL from 16 to 8 then the cost of  

BLUs decreases 30%. 
PV11 The current density influence to pinhole failure. 
PV12 The power consumption about 30% decreased 

EEFL BLU. 
PV13 New competitive conceptual LED BLU. 

PV2 The market top class quality BLU. 
PV21 60000h reliability of  the 50% luminance decreased 

by aging achieved BLU. 
PV22 Contact to other phosphor company. 
PV23 Contact to other phosphor company. 

Therefore the desired physical mechanism of  H-
Company’s EEFL BLU is denoted as follows: 

 DP11DP12DP13DP22DP21DP23
XXX X X XXX XX X

PV11PV12PV13PV22PV21PV23
            20  

 
All of  the design matrixes or mechanism matrixes comply 
with the requirements of  the independent axiom. This means  
that the EEFL problem can be solved easily but LCD 
researchers couldn’t solve this problem in a short time. Part 2 
shows the core process of  MSD such as defining the issues, 
examining the functional/physical mechanism by verification 
of  hypothesis, refining the desired solution, optimizing 
solutions and reliability assessment.  

4. CONCLUSION 
The MSD (Mechanism Solution Design) process gives a 

more in-depth way to solve design problems with a three-step 
process. In this paper part 1 defines “What are the issues”. 
MSD suggest defining the issues process as that is gap 
between “desired results” and “current states”. 

This paper shows the “current states” site failure 
mechanism-based effects analysis, and the conceptual design 
in the “desired results” site and which are adaptable to every 
domain in AD. This helps to define the issues clearly for 
newly suggested problem definition and functional 
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requirements evaluation. As a measure of  customer response 
and functional cost function, a CSM (Customer Satisfaction 
Mechanism) matrix is introduced to evaluate the proposed FR. 

As an example, the actual problem of  an EEFL BLU for 
LCD TVs is introduced which is analyzed by the sight of  
common engineer with AD. Part 2 shows the MSD process of  
defining the issues, examining the failure/functional 
mechanism by hypothesis, refining desired solution, 
optimizing solutions and reliability assessment. 

As mentioned above, MSD proposes a new evaluation 
method of  FRs, a new definition method of  critical issues and 
analysis method of  mechanisms which are clear to help design 
engineers avoid mistakes. It can also reduce iteration in the 
design process. Therefore, MSD helps design engineers 
achieve both cost reduction of  development and creative 
results of  design. 
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ABSTRACT 
This paper proposes a novel solution to a standing 

problem in LCD panels for TVs using Mechanism-based 
Solution Design (MSD). The research follows the three-step 
process of  MSD.  The first step was to define all issues in the 
process. In this step, the gap analysis of  MSD revealed a “high 
current pinhole” problem in the external electrode fluorescent 
lamp (EEFL). The next step was to analyze the mechanism 
process, which revealed the core parameters and the failure 
mechanism of  high current pinhole failures through a set up 
and test hypotheses.  Finally, in the determining the solutions 
process, a novel solution was provided to EEFL back light 
unit (BLU) pinhole failure by Axiomatic Design (AD), which 
led to the validation of  the design by an accelerated life test. 
In addition, this paper proposes a new approach for 
engineering problem-solving and design in order to more 
easily access the solutions in AD. The author hopes that more 
engineers will be able to solve engineering problems better 
using AD. 

Keywords: Axiomatic Design, Mechanism-based Solution 
Design, MSD, EEFL BLU for LCD, pinhole. 

1 INTRODUCTION 
Part 1 of  this work introduced the “current states” site 

failure mechanism-based effects analysis, conceptual design in 
the “desired results” site and how it was adaptable to every 
domain in AD. This helps to define the issues clearly for 
newly suggested problem definitions and functional 
requirements evaluation.  

As an example, the actual problem of  EEFL BLUs for 
LCD TVs was introduced. This has been a longstanding 
problem in the LCD BLU market. In part 1, we analyzed 
current states and produced a conceptual design using AD. 
Part 2 introduces the core MSD processes such as defining the 
issues, examining the failure/functional mechanism by 
hypothesis, refining the desired solution, optimizing solutions 
and reliability assessment. The Mechanism-based Solution 
Design (MSD) process is the first contribution in this paper 
for a clear way to setup an efficient decision making process in 
Axiomatic Design. Therefore many design engineers can 
effectively access the solutions of  each domain in Axiomatic 
Design. 

2 REVIEW OF PRIOR PROCESSES 
MSD proposes a three step process for analyzing the 

mechanism of  issues and the solution design process with 
systematic thinking. 

• Step 1: Define the issues. 
• Step 2: Analyze the functional/failure mechanism. 
• Step 3: Determine the design solution 

Defining the issues of  the target system focuses on “what 
are the problems to be solved”. In part 1, “issues” are defined 
as the set of  defined problems which make up the gap 
between the “current statuses” and “desired results” viz. the 
challenges. The same process of  defining the issues can be 
applied to all of  the domains of  AD, as follows in these three 
phases: 

• Phase 1: Identify the current states. 
• Phase 2: Develop the desired results. 
• Phase 3: Define the issues. 

In part 1, as an example, the actual problem of  EEFL 
BLUs for LCD TVs was introduced. We have developed the 
desired results as a conceptual design, which is as follows: the 
functional requirements (FRs) are defined to satisfy the 
original perceived needs. The appropriate set of  design 
parameters (DPs) to satisfy the FRs must then be defined via a 
physical entity. The proposed solution is then analyzed using 
design axioms. 

3 MECHANISM-BASED SOLUTION DESIGN  
3.1 DEFINE THE ISSUES 

In MSD, issues (ISs) are defined to narrow the scope of  
analysis for an efficient decision-making process. The 
definition of  an “issue” is the gap between the “Current 
States” (CSs) and “Desired Results” (DRs) of  each domain so 
that we can define “What are the problems to be solved”. The 
defined issues are obvious problems to be solved. The 
resolution of  these issues is the goal of  the design in each 
domain. The selection of  issues is validated based on the gap 
between the functional failure models (FMs) and the desired 
results in each domain, and between the defined issues 
between the various domains.  

Table 1 lists the current states, defined issues and desired 
results in each domain. CMSs, CFRs, CDPs and CPVs are the 
current marketing strategies, current functional requirements, 
current design parameters, and current process variables. 
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Similarly, IMSs, IFRs, IDPs, and IPVs are the set of  defined 
issues in each domain, and MSs, FRs, DPs, and PVs are the 
desired marketing strategies, functional requirements, design 
parameters and process variables.  

Table 1. Defining the issues of  the target system. 

Current States 
(CSs) 

Defined Issues 
(ISs) 

Desired Results
(DRs) 

CMSs IMSs MSs 

CFRs IFRs FRs 

CDPs IDPs DPs 

CPVs IPVs PVs 

 
The relationship (the set of  issues IS) between a set of  

design results (DR) & the corresponding set of  current state 
(CS) is given by: IS DR CS                                                               1  
 
Therefore: IMS MS CMS                                                       2  IFR FR CFR                                                          3  IDP DP CDP                                                         4  IPV PV CPV                                                         5  
 

The priority of  defined issues needs to determined in 
each domain. In the EEFL BLU for LCD TV example, the 
defined issues are as follows: 

 
IMS1 Increase the profit. 

IMS11 Increase our order by supplying cheaper and 
better luminance BLU for customer. 

IMS13 Customers develop LED BLU with H-Company. 
 
IFR1 Provides better value and increase our profit. 

IFR11 Resolve pinhole failure at 12mA operation and 
assure the reliability. 
IFR111 Reduce current density 
IFR112 Increase lamp diameter. 
IFR113 Reduce damage of  high-voltage discharge 

or surge 
IFR114 Change external electrode material and 

method 
IFR13 Develop LED BLU with MSD. 
 

IC1 Reduce cost 30%. 
IC2 Save 30% power consumption. 
IC3 Achieves the 60000h reliability of  EEFL BLU at 12mA 

operation. 
IC4 Achieves the lamp colour coordinates changed by aging 

degradation less than 10% from new one. 
IC5 Achieves quality variance less than 5% of  the luminance 

dispersion of  each lamp. 
 
where an IC is an issue constraint. 
 
IDP1 Pinhole free high current operation EEFL lamp. 

IDP11 Analyzing pinhole mechanism. 
IDP111 Current density 
IDP112 Lamp diameter. 
IDP113 High-voltage discharge or surge 
IDP114 Different electrode 
 

IPV1 Pinhole free high current operation EEFL lamp. 
IPV1 Accuracy of  test data and ability of  analyzing 

IPV111 Accuracy of  test 
IPV112 Accuracy of  test 
IPV113 Test method 
IPV114 Developments of  new electrode 
 

 
Figure 1. The phenomenon of  pinhole failure in EEFL. 

By defining issues, we narrow the scope of  our analysis 
to pinhole failure mechanism analysis (figure 1). Therefore, we 
can focus on analyze pinhole failure mechanism and design 
solutions in following steps. 

3.2  DEFINE THE MECHANISMS MODEL OF THE 
ISSUES 

To recognize "what I don’t know" is the essence of  
problem solving. In this step, we determine “Where is the 
mechanism model” (figure 2).  

• Phase 1: Check the hypothesis and parameters into 
the issues. 

• Phase 2: Check the hypothesis and parameters into 
the issues. 

• Phase 3: Define the mechanism model. 
 

 
 

Figure 2. Analysis the mechanisms of the issues. 
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3.2.1 CHECK THE CURRENT HYPOTHESIS AND 
PARAMETERS INTO THE ISSUES 

This phase checks the hypothesis or specifications into 
the issues and the basis of  hypothesis and reviews the hidden 
parameters with a ‘zigzagging’ process. The scope of  
hypothesis in this phase includes specification, tolerance, 
theoretical or experimental claims and environmental 
conditions. The classification method of  hypothesis is 
introduced in table 2. One caveat here is that the hypothesis 
needs to keep in mind is that it should be answering ‘Yes’ or 
‘No’ questions. 

Table 2. Current hypothesis, parameters and basis. 

Hypothesis 
into issues 

Parameters 
in 

hypothesis 
Basis of  hypothesis 

1) Low current 
density increases 
pinhole failure 
current. 

-Area of  
external 
electrode 

Increase the area of  the 
electrode then current 
density is reduced. Thus 
stress in the glass will be 
reduced. 

2) Enlarging the 
lamp diameter 
increases the 
occurrence of  
pinhole failure 

-Diameter 
of  lamp 
-Area of  
electrode 
-Thermal 
effects of  
plasma 

Enlarge the lamp 
diameter with the same 
electrode then thermal 
effects of  the plasma 
will be reduced. 

3) High-voltage 
discharge or 
surge is the 
cause of  pinhole 
failure. 
[Matsushita, 
2005] 

-Power 
electrode 
position 
-Pinhole 
position 
-Voltage 

Supply high voltage to 
the electrode positioned 
on opposite side of   
glass pinhole failure 
occur by surge  

4) Pinhole 
failure current 
depends on 
electrode 
resistance 

-Resistance 
of  external 
electrode 

The pinhole test results 
depend on test carbon 
paste vs. metal can & 
soldering viz. pinhole 
current depends on 
electrode resistance. 

5) Pinhole 
failure current 
depends on 
electrode 
material and 
shape. 

-Heat 
transfer of  
electrode 
material 

The pinhole test results 
depend on test jig vs. 
clip jig, and carbon 
paste vs. metal can & 
soldering viz. pinhole 
current depends on 
electrode shape and 
material. 

6) Pinhole 
failure position 
depends on test 
electrode 
position. 

-Test 
electrode 
contact 
position 
-Lamp 
inside 
convection 

Pinhole failure position 
has the regularity which 
depends on test 
electrode position. 

The development of  influence parameters in issues asks, 
“Where is the problem”. The purpose of  this process is to 
determine “vital Xs”. The scope of  the parameters includes 
not only parts, but also functional/environmental 
specifications of  design.  

3.2.2 VERIFY THE HYPOTHESIS AND ANALYZE THE 
PARAMETERS 

Until the hypotheses are explicitly expressed, the 
verification of  hypothesis is performed through qualitative 
and quantitative analysis of  the facts. Therefore, we need 
designs of  experiments (DOE) and tests for the verification 
of  hypotheses and measuring specifications with an out of  the 
box way of  thinking. In my experience, most problems can 
easily be solved through this phase before analysis of  the 
hidden mechanism in the next phase.  

Table 3 shows the verification method, parameters, and 
the results of  hypothesis into issues. 

Table 3. The hypothesis verification method, parameters, 
and the results. 

Hypothesis 
verification 

methods 

Parameters 
in 

verification 

Verification 
Results 

Yes/N
o 

1) Increase the 
area of  electrode 
and check the 
pinhole failure 
current without 
enlarging the 
lamp diameter. 

-Length of  
external 
electrode 
-Length of  
electrode is 
limited by 
TV bezel 
width, as 
25mm  

Increase the 
length of  
electrode then 
pinhole 
occurrence 
current goes up to 
13mA and the 
luminance of  
lamp is upgraded 

Yes 

2) Enlarge lamp 
diameter increase 
with same area of  
electrode then 
pinhole failure 
current increases. 
This test result is 
shown in figure 4.

-Diameter 
of  lamp 
-Area of  
electrode 
-Thermal 
effects of  
plasma 

Enlarge lamp 
diameter then 
pinhole current 
goes up to 13mA 
but the luminance 
of  lamp is 
degraded.  

Yes 

3) High-voltage 
discharge or surge 
is cause of  
pinhole failure 
[Cho, 2004].  
This test result is 
shown in figure. 4

-Power 
electrode 
position 
-Pinhole 
position 
-Voltage 

Power supply test 
electrode 
positioning on 
upside down to 
lamp the pinhole 
failure position is 
same.  

N
o 
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3.2.3 DEFINE THE MECHANISM MODEL OF THE 
ISSUES 

Defining the mechanism model refers to “Why the issues 
occur”. This step reveals the actual functional/physical 
mechanisms which could not explain the occurrence of  the 
issues. New hypothesises reset to express the prior 
issues/phenomenon and overcome the inconsistencies of  the 
existing hypotheses. Here, the engineer’s creativity and 
observation will be required to analyze the issues/phenomena.  

Table 4. New hypothesis, parameters and basis. 

New 
hypothesis 
into issues 

Parameters 
in new 

hypothesis

Basis of  new 
hypothesis 

1) Pinhole failure 
current depends 
on heat transfer 
of  the electrode 
thus improving 
heat transfer 
conditions and 
increasing the 
softening point of  
the glass is 
helpful. 

-Heat sink 
-Heat 
transfer of  
electrode 

Prior test fig. 4 shows 
convection. Figs. 5 
and 6 show the 
conduction behaviour 
in EEFL pinhole test 
results. Radiation is 
also a considerable 
factor but fig. 6 shows 
that the effect is 
weak. 

2) If  we can make 
a transparent 
electrode, we can 
observe the 
pinhole failure 
situation. 

-Making 
transparent 
electrode 

Observe the behavior
of  the plasma inside 
the lamp and the 
progression of  failure 
which helps to 
understand the 
pinhole phenomenon.

3) Heat will be 
brought 2000V 
65kHz operating 
condition and 
lamp glass 
working as 
dielectric material, 
thus molten glass 
wall sucked lamp 
inside by vacuum 

-Power loss 
characteristic
s of  glass 
material 

-Frequency 
-Temperature
-Softening 
point 

High frequency 
heating phenomenon 
happens in most of  
the material that is 
depending on the 
characteristics of  the 
material, frequency 
and current density 

 
The determination of  the mechanism is the process of  

the integration of  facts which is acknowledged through the 
verification of  new hypotheses. Table 5 shows the new 
hypothesis verification process. 

 
 
 
 
 
 
 
 
 

Table 5. New hypothesis verification method, parameters, 
and the results. 

New 
hypothesis 
verification 

methods 

Parameters 
in 

verification 

Verification 
Results 

Yes/N
o 

1) The “C” and 
“O” type heat 
transfer material 
(mud) coated at 
the electrode, Fig. 
7 shows the 
behaviour of  heat 
transfer by 
pinhole position 

-Heat sink 
material 
(nonconduct
ive)  

-Heat 
transfer 
difference 

Pinhole test 
results of  heat 
sink coated EEFL 
show  conduction 
and convection is 
the 1st and the 
2nd influenced 
parameter 

Yes 

2) If  we can make 
a transparent 
electrode, we can 
observe the 
situation of  
pinhole failure. 

-Making 
transparent 
electrode 

Fig. 8 shows the 
behavior of  lamp 
inside the pinhole 
failure  
This test  was 
useful to 
understand the 
pinhole failure 

Yes 

3) Heat will be 
brought 2000V 
65kHz operating 
condition and 
lamp glass 
working as 
dielectric material.

- The 
dissipation 
factor of  
glass 
material 

-Frequency 
-Voltage 

High frequency 
heating revealed 
by study of  
dissipation factor 
This is power loss 
effect of  high 
frequency 
operation. 

Yes 

 

 
Figure 7. The test sample for “C” and “O” shape 

nonconductive heat transfer material (mud) coated at the 
outside of  electrode. 

 
Figure 8. Behavior of  the plasma inside the lamp (left) 

and the progression of  pinhole failure (center). The 
sectional view of  lamp shows internal state of  pinhole 

failure (right). 
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The left photo in figure 8 shows the initial low-current 
state. The center photo shows the glass as it starts to boil 
before pinhole failure. The section view of  lamp glass (right) 
shows the internal state of  lamp pinhole failure. We can see 
the signs of  glass boiling bubble pieces. Inside of  the lamp is 
a vacuum condition. If  the temperature softens the glass, the 
tube wall will gradually suck inside and burning will occur by 
high temperature plasma of  glass tube center. 

Glass heating turns out to be an important parameter. 
Electric power is dissipated in all dielectric materials, usually in 
the form of  heat. The dissipation factor (DF) is a measure of  
loss-rate of  AC power. The DF will vary depending on the 
dielectric material and the frequency of  the electrical signals 
[Ramo et al, 1994] 

We need to establish the theoretical background and the 
logical structure of  the revealed mechanism of  issues for new 
design. Therefore, this will help define “Why the critical issues 
occur”, which will help in discovering the most efficient way 
to decide new design solutions.  

Therefore, we define the pinhole failure mechanism in 
EEFL as “the phenomenon of  lamp glass melted by heat”. 
The defied mechanism of  EEFL BLU is shown in table 6. 

3.3 DETERMINE THE DESIGN SOLUTIONS 
We need to refine the FRs, DPs and PVs and also 

systematically check the mechanism matrix with the Independent 
Axiom. We must also analyze the mechanism matrix with the 
principles of  Axiomatic Design [Suh, 1990] and optimize the 
production variables. 

• Phase 1: Refine the desired results. 
• Phase 2: Optimize the design solutions. 
• Phase 3: New design validation. 

3.3.1 REFINE THE DESIRED RESULTS 
Designers redefine the solutions such as MSs, FRs, DPs 

and PVs more ideally; nevertheless, it will eventually satisfy 
customers’ demands. Making an optimal design matrix is 
essential for using the defined mechanism model. These 
concepts are somewhat different between AD and MSD 
because the desired results or mechanisms defined at the ideal 
place instead of a “zigzag” approach will help find more 
creative DPs for “good design”, which will increase the 
chance to surprise ourselves with the creativity of design 
results. Designers can come up with ideas of FR, DPs, and 
PVs by the recommended process. The recommended 
ideating actions are the creation of the desired results and the 
review of the mechanism models after looking for variable 
parameters, which professional engineers expresses into 9 
kinds of references as follows: removing, rearrange, replace, 
split or combine, adapt (include the meaning), modify 
(zooming), change of use (function, environment), use the idle 
resources and reference new technology or patents 

The determined design solutions should be checking the 
logical compatibility based on the concept of mechanism 
model which has been worked on the previous step. 

We should be refine the FRs, DPs and PVs based on the 
revealed mechanism.  

 
 

Table 6. The EEFL failure mechanism analysis results. 
Phenomena/ 
Definitions Effects Parameters 

Pinhole failure:
Lamp glass 
melted by heat

Glass heat Dissipation factor 
(DF) of  lamp glass

Glass sucked inside 
of  lamp by vacuum,  
viz. strength 

Softening point of  
lamp glass 

Reduce glass 
temperature by heat 
transfer  

Heat sinking of  
electrode 

Reduce the influence 
of  convection Diameter of  lamp.

Make heat source Current density 
Glass sucked inside 
of  lamp by vacuum, 
viz. force 

Pressure 
difference 

Colour 
coordinates 
change: 
Phosphors 
degradation by 
heat 

Colour coordinates 
change and 
luminance 
degradation 

Reliability of  
phosphors 

Luminance 
dispersion of  
each lamp: 
Quality 
variance by 
production 
variables 

Electric resistance 
dispersion of  each 
lamp 

Thermal contact 
resistance with 
external electrode 
and lamp glass  

Other effects Other production 
variables 

 
FR1 Provides better value to LCD TV and increase our profit. 

FR11 Provide pinhole free BLU at 12mA operation and 
assure the reliability standard. 
FR111 Reduce the heat of  lamp glass due to 

power loss 
FR112 Increase the heat resistance of  the lamp 

glass 
FR113 Increase thermal conductivity from glass 

to electrode and heat sinking 
FR114 Be optimized the diameter of  the lamp 

glass for reliability, luminance and cost. 
FR115 Increase the area of  the external electrode. 

FR12 Reduce the degradation of  performance 
FR121 Reduce the change of  colour coordinates.  
FR122 Reduce mercury turns to amalgam. 
FR123 Reduce the luminance dispersion of  each 

lamp quality variance less than 5%. 
 

DP1 Provides better value to LCD TV and increase our profit. 
DP11 Provide pinhole free BLU at 12mA operation and 

assure the reliability standard. 
DP111 Dissipation factor (DF) reduced by half  

lamp glass 
DP112 Softening point from 360°C to 420°C 

increased lamp glass 
DP113 Thermal conductivity increased electrode 
DP114 Diameter optimized 3.4mm lamp. 
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DP115 Area of  external electrode enlarges to 
30mm 

DP12 Reduce the degradation of  performance 
DP121 Improved quality phosphor.  
DP122 Na on the inner surface of  lamp glass is 

removed by acid wash. 
DP123 Past/Solder electrode is applied to 

improve contact with the lamp glass and 
the electrode. 

 FR111FR112FR113FR114FR115FR121FR122FR123

X X X
X

X X X X X

DP111DP112DP113DP114DP115DP121DP122DP123
                     6  

 
We developed a new lamp glass with a dissipation factor 

that is half  of  the present alkaline glass and that increases the 
glass softening point from 360°C to 420°C. The results are 
shown in figure 14. We also achieved a pinhole failure current 
increase from 12mA to 16mA. 

 

  
 

Figure 9. The pinhole test results of  developed EEFL. 

We need to check the fidelity of  the design solution 
through constraint variables such as convenience, cost and 
reliability requirements. 
IC1 Reduce cost 30% by reducing 8 lamps to drive the lamp 

12mA. 
IC2 Save 30% power consumption by reducing 8 lamps to 

drive the lamp 12mA. 
IC3 Achieves the 60000h reliability of  EEFL BLU in 12mA 

operating condition. Satisfactory running life test 
IC4 Achieves the lamp colour coordinates changed by aging 

degradation less than 10% from new one. To include FR 
IC5 Achieves quality variance less than 5% of  the luminance 
dispersion of  each lamp. To include FR 

3.3.2 OPTIMIZE THE DESIGN SOLUTIONS 
The design is prepared to market, design parameters from 

various alternatives ideas are made, and a check on the 
manufacturability of design ideas as production variables (PVs) 
vector settings based on ideal mechanism is also performed. 

 

 
Figure 10. Optimization results of  parameters. 

The determinations of  optimal DPs and PVs should be 
refined through qualitative evaluation to achieve a more 
creative “good design” with the design of  experiments (DOE). 
The tests and analysis of  various alternatives are performed 
for the optimization of  the value of  parameters until 
production variables achieve a “Robust Design” which is easy 
to manufacture. 

 
Figure 11. The present EEFL vs. new developed EEFL.  

3.3.3 NEW DESIGN VALIDATION 
The new design validation test designed for examination 

and provision of  objective evidence that the particular 
requirements for a specific intended use are fulfilled. The 
evaluation should be performed to determine aspects of  
reliability, which identifies “What should be refined”. The 
reliability assessment process forming the basis of  MSD 
process follows figure 10. It consists of  six key steps: [Evan, 
2001]. 
• Technical assessments to characterize the materials and 

processes. 
• Identification of potential failures (sites and mechanisms). 
• Modeling the mechanisms under the acetated life cycle 

loads 
• Test matrix development 
• Execution of accelerated testing 
• Detailed failure analysis. 

 

Technical Assessment 

Failure Sites Failure Mechanisms

Mechanism Models

Accelerated Test 

Accelerated Test Design

Failure Analysis
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Figure 12. The reliability assessment process in MSD. 

 

 
Figure 13. The life test result of  conventional CCFL. 

 

 
 Figure 14. The life test results of  developed EEFL. 

Figures 13 and 14 show the relative luminance vs. life 
performance of  CCFL 7mA vs. the newly developed EEFL 
12mA driving conditions. The new design has a similar life 
test result and can achieve 60000h reliability of  50% 
luminance requirement under 12mA operating conditions. 

Finally, we establish the theoretical background of  a new 
design for manufacturing. It is important to make the 
manufacturer understand the development and the intentions 
of  design to reduce trial and error. In my experience, the 
process report of  MSD is a very powerful reference guide not 
only for checking for risks in design, but also for 
troubleshooting in manufacturing. However, while a well-
described FMEA is a good reference for manufacturers, it is 

often extra work for design engineers, so the FMEA tends to 
be not well-described. However, the process report of  MSD 
includes identification of  failure detections, isolation and 
compensation of  new designs through the MSD process. 
Additionally, other items to check are follows: 
• Control plans and drawings for manufacturing. 
• Perform maintainability analysis which documents the 

analysis, summarizes inconsistent design areas, and 
identifies special controls necessary to reduce failure risk 

• Make recommendations to follow up on corrective action 
implementation /effectiveness. 
MSD is helpful in bridging the gap between senior and 

junior engineers because MSD provides the detailed steps that 
we should know for good design.  

4. CONCLUSION 
The MSD (Mechanism Solution Design) process provides 

a more thorough method for solving design problems because 
it defines the issues as the gap between “desired results” and 
“current states” processes which are adaptable to every 
domain in AD. The determination of  the functional/physical 
mechanisms process (this is for the set up and test of  
hypothesises method to introduce the best way to find 
mechanisms) reveals the explanation to the 
functional/physical mechanism of  issues properly. The 
mechanism-based determination of  solution process redefines 
the functional requirements more ideally, determine the design 
parameters and production variables according to the ideal 
design theorem of  the Axiomatic Design and optimizes 
production variables to achieve a “Robust Design” that is easy 
to manufacture and achieves a more creative “good design”. 

Finally the design validation process should be performed 
in the aspects of  reliability, and the process design and control 
for manufacturing. 

As mentioned above, MSD proposes an evaluation method 
of  FRs, a definition method of  critical issues and an analysis 
method of  mechanisms. Mechanism analysis is a natural 
process for professional engineers, but is not formally taught 
in most engineering programs. Therefore, MSD can help both 
new and experienced design engineers to avoid mistakes, 
reduce unnecessary issues and iterations in the design process, 
and achieve both creative results for the design and delivery 
of  technological developments. 
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ABSTRACT 
Eco-design is of  increasing import, especially since the 

decisions made in early design stages largely dictate not only 
the cost, but also the environmental effects, of  a product. 
With the goal of  providing guidance to engineers searching 
for methods to conduct eco-design, we consider the 
incorporation of  ecological issues into the Axiomatic Design 
methodology. It is shown that there are natural ways to 
include eco-factors into every part of  the design process using 
Axiomatic Design. Once we provide logical justification for 
the inclusion of  eco-factors as functional requirements and 
design parameters, we proceed to demonstrate how Axiomatic 
Design can be used to analyze and design eco-friendly 
products. We conclude with a detailed design example of  an 
eco-friendly flashlight. 

Keywords: Sustainable product design, Eco-design, 
Axiomatic Design, Life cycle analysis 

1 INTRODUCTION 
To provide guidance to engineers seeking to develop 

more eco-friendly products, we investigate the use of  
Axiomatic Design in the eco-design context. We show that 
despite the fact that ecological issues are deeply coupled with 
product functions, there are several arguments for including 
both product functional requirements and ecological 
functional requirements. To incorporate life cycle analysis 
methods, which are similar to cost in that they are deeply 
coupled with product functions, we suggest an augmented 
design matrix that draws inspiration from the combination of  
cost engineering and Axiomatic Design. Finally, examples of  
the use of  Axiomatic Design to analyze and design eco-
friendly products are presented. It is our hope that the 
discussion will be of  value to engineers seeking to use 
Axiomatic Design to create eco-friendly products and services. 

1.1 MOTIVATION 
Ecological issues are of  growing import not only to 

protect our environment but because it is often good for 
business. As discussed in Brezet and Hemel [1997] and 
Graedel and Allenby [1995], customer awareness of  the 
environment and the effect a product may have has increased.  

There have been many efforts to restrict the ecological 
damage caused by products and services and to evaluate the 
ecological effect of  a product. Numerous standards and 
regulations, such as the Restriction of  Hazardous Substances 
(RoHS) directive of  the European Union and the Waste 
Electrical and Electronic Equipment (WEEE) directive in the 
United Kingdom, have been introduced to protect the public 
from harmful contaminants. The Life Cycle Assessment (LCA) 
method was developed to calculate the environmental effect 
that a product will cause over its lifetime from cradle to grave 
(see, for example, Alting and Legarth [1995]). The ISO 
14040:2006 standard details how LCA is to be conducted.  

As evidenced by the issuing of  ecologically related 
position statements on their public webpage, some companies 
have embraced the idea that ecological issues must be 
considered in product design and use existing eco-design 
methods. In addition to directives and assessment tools, 
checklists (e.g., Mok, et al. [2008]) and formal design 
methodologies such as QFDe, Green QFD (Zhang et al. 
[1999]), the Function Impact Matrix (Devanathan [2010]) and 
others (e.g., Park and Lee [2004]) have been employed.  

As discussed by numerous authors including Ullman 
[1997], Dewulf  and Deflou [2004], Fargnoli et al. [2005], Sousa 
and Wallace [2006], it is widely recognized that the decisions 
made in the early stages of  a design contribute substantially, 
not only to the cost, but to ecological effects of  the final 
product. Thus it is essential to consider ecological issues early 
in the design process. While methodologies such as Green 
QFD have been employed to address this need, there have 
been limited efforts to formally address environmental issues 
in the Axiomatic Design context.  
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1.2 RELATED AXIOMATIC DESIGN LITERATURE 
There has been some effort to discuss the application of  

Axiomatic Design to eco-design. We review the most relevant 
work here. 

In work that is most closely related to our efforts, Wallace 
and Suh [1993] focused on how information content, that is, 
Axiom 2, can be used to address the probability of  meeting 
desired tolerance levels for environmentally related functional 
requirements. They also reviewed the status of  a software tool 
that was under development to incorporate ecological design 
issues into the Axiomatic Design methodology. They provided 
some examples of  ecologically related functional requirements, 
design parameters and design matrices relating them.  

The quest to incorporate ecological issues into the 
Axiomatic Design methodology then lay dormant in the 
literature for over a decade. In Stiassnie and Shpitalni [2007], 
the use of  Axiom 2 to conduct environmental effect 
assessment was considered; they added ecological issues into 
the design process for a manufacturing system that was 
initially considered in Suh [2001]. The evolution of  the design 
of  the Sihwa Dam in Korea was studied using Axiomatic 
Design in Ibragimova et al. [2009]. Functional requirements 
and design parameters (and the design matrix relating them) 
that specifically addressed ecological concerns were included. 
Finally, Thompson [2010] provided a detailed review of  the 
growing use of  ecological issues in the freshman design 
course at an engineering university in South Korea. Numerous 
issues related to eco-design, such as where such issues should 
be included in the design process, were considered.  

Unlike the LCA procedure, which provides a clear 
categorization of  ecological effects, there has been little effort 
to develop structured lists of  ecological issues for use in the 
QFD and Axiomatic Design methodologies. While Wallace 
and Suh [1993] have taken some steps to develop ecological 
functional requirements (hereafter referred to as eFRs) and 
ecological design parameters (hereafter referred to as eDPs), 
more effort is required. Further, there is little justification or 
discussion that has been provided for which ecological issues 
(hereafter referred to as eco-factors) should be considered in 
the design process and where they should be addressed. Such 
considerations are non-trivial especially in light of  the fact 
that, as stated in Tomiyama, Umeda and Wallace [1997], 
“[e]nvironmentally-conscious design requires the balance of  a 
variety of  deeply coupled issues”.  

There have been only a few efforts to discuss the concept 
of  decoupling and how it can be applied to the analysis and 
design of  ecologically friendly products, services and systems. 

1.3 CONTRIBUTION AND ORGANIZATION 
It is our aim to address the aforementioned needs. In 

particular, the contributions of  this work are as follows. We 
1. Develop a logical justification for the location of  various 

eco-factors in the Axiomatic Design process (Section 2); 
2. Collect an “exhaustive” list of  eco-factors from the 

literature and organize them based on our classification 
for use in the design process (Section 3); 

3. Augment the design matrix (DM) to include 
environmental assessment information so that there is a 
mechanism for the direct feedback of  eco-analysis results 
into the design process (Section 4);  

4. Provide several examples of  how Axiom I well describes 
the decoupling achieved by existing eco-friendly designs 
(Section 5); and 

5. Use Axiomatic Design for the detailed eco-friendly 
design of  a flashlight (Section 6). 
Concluding remarks are provided in Section 7. Note that 

some of  the ideas discussed in detail here were briefly 
mentioned in the conference paper by Shin, Morrison and 
Suh [2010]. There, the focus was on developing a structure 
that can be used to create software to support an eco-friendly 
Axiomatic Design process.  

We focus only on the customer, functional and physical 
domains. That is, we do not discuss process variables (PVs).  

2 ECO-FACTORS IN THE DESIGN PROCESS 
As discussed in Thompson [2010], the formal Axiomatic 

Design process begins with the collection or generation of  the 
explicit and implicit desires of  all stakeholders in the design 
process. These are termed customer needs (CNs). Since it is 
our intent to address ecological issues as well as basic product 
or service functions, here one must include environmental 
concerns or eco-factors. The CNs are typically non-specific, 
contradictory, biased, dependent and otherwise unstructured. 
For use in the design process, the designer must next structure 
and formalize the CNs into functional requirements (FRs), 
constraints (Cs), selection criteria (SC) and optimization 
criteria (OC). The CNs may also contain suggested design 
parameters (DPs) and process variables (PVs). Where should 
the various ecologically related CNs be placed in the design 
process? This is the question for which we aim to provide 
guidance in this section. 

Note that the papers discussed in Section 1.2 above have 
all categorized their eco-factors into FRs, DPs, PVs Cs, SC or 
OC. Wallace and Suh [1993] provide the most general list of  
eco-factors and their corresponding location in the design 
process. However, they have not provided general thoughts or 
justification to guide the categorization. In fact, as mentioned 
in Thompson [2010], it is not uncommon for designers to 
incorrectly classify the eco-factors. However, it is important to 
note that, as Thompson [2010] stresses, the most successful 
eco-friendly projects will be those that include ecological 
issues in every part and phase of  the design. 

Hereafter, we use eFR if  we specifically want to refer to 
ecologically oriented functional requirements. Similarly, we use 
eDP, eC, eSC and eOC.  

2.1 ECO-FUNCTIONAL REQUIREMENTS 
For proactive eco-design, it is essential that eco-factors be 

included in the functional requirements. By definition, FRs are 
goals that are required to be independent. If  a need cannot be 
made or considered independent, it must be moved to another 
location in the design process such as a constraint, which has 
no such independence requirement. The difficulty with eco-
factors is that they are generally considered to be coupled with 
the product functions.  As such, they may be relegated to the 
status of  constraint or selection/optimization criteria. There 
are two key concepts we use to distinguish eFRs.  
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2.1.1 ARGUABLY INDEPENDENT EFRS 
First, if  the eco-factor can be argued as independent, 

perhaps by appealing to the conceptual existence of  a design 
for which there is no relationship between the proposed eFR 
and the product FRs, then the eco-factor can be considered as 
an eFR. We call such eFRS as Type I eFRs. As an example, 
suppose that a software company wants to  
• FR1: Provide a video game experience, and 
• FR2: Protect the environment. 
Clearly there is no relationship between these two functions. 
However, one can more clearly see this by considering DPs 
• DP1: Downloadable video game software, and 
• DP2: Tree planting program. 
Since the downloadable software consumes no materials (and 
nominally no energy that would not otherwise be consumed), 
it is independent of  eco-factors. The tree planting program 
could be restricted to plant one tree per software sale and still 
maintain independence by using a constraint, or directly as a 
part of  DP2 since DP1 is not related to software sales. In 
Thompson [2010], the eFR “Protect the environment” is used 
for the development of  an eco-friendly tidal dam. 

2.1.2 ADDITIONAL DPS ARE SPAWNED FROM EFRS 
Second, if  an additional design parameter is required 

beyond those needed to satisfy the product functions, then the 
ecological goal that the DP is striving to satisfy can be 
considered as an eFR. We call such FRs as Type II eFRs. This 
idea follows from Theorem 4 of  Suh [2001] which states that 
in an ideal design the number of  FRs and DPs are equal. 
While it is possible to have extra DPs in a good design, 
termed redundant design, such redundancy will not occur for 
DPs that exist strictly to address ecological goals rather than 
basic product goals.  

As an example, consider the design of  chair legs to 
support 100 kg under the nominal gravitational force of  the 
earth. Three concepts for the chair legs, including their FRs 
and DPs are depicted in Figure 1. The top design is simply a 
cylinder that fulfils all product FRs. The second design adds 
an additional cylindrical hole through the z-axis of  the original 
cylinder; this is an additional DP. The purpose of  this DP is to 
allow the leg to consume the least physics based volume of  
material while still supporting the weight. This eDP is 
directional so that, in the bottom design, the idea can be 
extended to the vertical plane via the inclusion of  additional 
eDPs. The eFR that we associate with these additional eDPs is 
to “Consume the physics based minimal amount of  material” 
with a focus on a particular axis. 

Note that these eDPs are not simply a change in the 
density of  the original design. Rather, there is a structural 
difference and a DP associated with it that enables one to 
strive for the physics based minimal amount of  material.  

Note also that we motivated this eFR based on the 
recognition of  an eDP. This is the reverse of  the zig-zag 
approach that one should use for design. However, it was 
merely used to justify the existence of  the eFR. Now that we 
have recognized the eFR, it can be associated as a child 
function of  any product FR that uses a DP consuming 
material. This eFR should prompt the designer to seek a new 

DP that allows improved eco-performance while retaining the 
original product functions.   

 

 
Figure 1. Additional eDPs are present. 

2.1.3 COMMENTS ON EFRS 
Type I eFRs are outside of  the product itself  and strictly 

exist to address the concerns of  stakeholders for the 
environment. While a particular design may couple the 
functions, we consider that “protect the environment” is an 
independent FR. Type II eFRs are closely related to the 
product. Such eFRs may provide motivation for structural 
choices that exist solely to achieve a minimal amount of  
material and thus require their own DP. This is to be 
contrasted from the typical admonition to minimize the 
amount of  material used – the solution there is simply to 
optimize the quantity without new DPs for structural changes. In 
this Type II eFR category we will place “return material to 
source”. This eFR can be solved by adding DPs that enable 
the product to be more readily recyclable. Because Type II 
eFRs require additional DPs associated with a higher level 
product FR (see the chair leg example), we will call them 
children of  product FRs, or CoPFRs. 

It may be possible that the customer oriented FRs cannot 
be thought of  as independent of  the environment, perhaps 
because their very existence is antithetical to green needs. 
However, in such instances, the designers should rethink their 
product goals. For product functions that appear tightly 
coupled with ecological issues by physical laws, one should 
consider that physical laws are often imposed once a design 
choice is selected. If  a different design choice is made, there 
may be no relationship between the environmental goals and 
the product ones.  

2.2 ECO-DESIGN PARAMETERS 
An eDP is a concept or part whose purpose is to provide 

an eFR. It must truly be separate from the DPs that fulfil 
other types of  FRs and cannot be contained in them. For 
example, “minimize the variety of  materials used” might be 
considered as an eDP as it is a method to achieve an 
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ecological goal. (Wallace and Suh [1993] use it as an eDP.) 
However, we do not consider it to be an eDP since the 
material choices must be made to satisfy the product FRs. A 
restriction on the number of  different materials used is either 
a constraint, selection/optimization criteria or simply a 
strategy that can be used to improve the LCA outcome of  the 
product. The eDP must not merely try to ease some 
environmental requirement but be essential for performing it.  

For example, while single material construction affords 
an ease of  recycling, all materials must already exist as product 
DPs. They are simply chosen to be of  the same type to 
improve the recyclability of  the product. On the other hand, 
we do consider additional parts, such as a thumb tab that 
allows easy disassembly, to be viable eDPs. They exist solely to 
satisfy an eFR (in this case “return material to source”). 

Consider another example. If  instead of  using steel for a 
part, we instead use wood to improve the environmental 
assessment of  the product, this choice does not represent a 
new DP. This is the optimization of  existing DPs. 

2.3 ECO-CONSTRAINTS AND SELECTION CRITERIA 
Considerations such as LCA values, carbon footprint and 

the like are dependent upon every design choice made and 
closely depend upon the product functions. They are similar 
to cost. As such we relegate them to the status of  selection 
criteria, optimization criteria or constraints. RoHS and WEEE 
directives are constraints; they limit the materials that can be 
used in a design.  

As such, achieving a “minimal carbon footprint” or 
“minimal LCA value” depends deeply on the DPs selected to 
provide the non-eFRs. The act of  minimization belongs more 
appropriately in the realm of  selection/optimization criteria. 
Such eco-factors are similar to cost and it is more appropriate 
to include them as an eC, eSC or eOC. Of  course, there may 
be exceptions. 

3 CLASSIFICATION OF ECO-FACTORS 
Unstructured environmental factors can be difficult to 

include in a formal design methodology. A number of  
researchers have developed structured eco-factors, but these 
are not appropriate for the Axiomatic Design framework. 
Though Wallace and Suh [1993] appear to have developed 
eFRs and eDPs, the details of  the work are unpublished and 
not justified. Also, our classification is different in that we 
only allow eDPs if  there is a new part or design concept 
associated with the eFR. 

We collected hundreds of  unstructured eco-factors from 
the literature and from company websites. The eco-factors 
included but were not limited to OECD environmental key 
indicators ([2004]), environmental benchmarking parameters 
(Yim and Lee [2002], and Park and Lee [2004]), 
environmentally friendly manufacturing checklists (Mok et al. 
[2008] and Mok and Cho [2001]), ecodesign strategies for 
electronics products (Park and Lee [2004]), LCA categories 
(ISO [2002], ISO [2006] and ISO [2006]) and strategies for 
developing eco-friendly products (e.g., design for recycling, 
green purchasing, fuel efficiency, upgradability, ease of  
assembly, etc.).  

These collected eco-factors were considered as eCNs. 
First, we separated the eCNs into goals and methods. Goals 

were classified as eFR candidates and methods and solutions 
were classified as DP candidates. We grouped these candidates 
into the categories: material, energy and waste. Candidate 
eFRs and eDPs were eliminated if  they did not logically fit 
into the eFR and eDP categories as described in Section 2. 
eCNs failing to meet the eFR or eDP criteria were relegated to 
the status of  eCs, eSC or eOC. Finally, we combined and 
reworked the eCNs in an effort to ensure that they fit with the 
requirements of  FRs and DPs. That is, among others, FRs 
should start with a verb, be specific, independent and solution 
neutral. Similar considerations were taken for the DPs. The 
eFR and eDP lists are shown in Figures 2 and 3. The zero-th 
level FR “Protect the Environment” is not shown. 
 

 
Figure 2. Type I eFRs and possible eDPs. 

Figure 2 provides an organized list of  Type I eFRs and 
possible eDPs to achieve them. Additional items marked as, 
for example, S121 or S123 are strategies that may be used to 
help select the next level eDPs or as optimization criteria to 
improve the ecological outcome targeted by the eFRs and 
eDPs. For example, “S121 High stackability” may be achieved 
by the inclusion of  structural elements (new DPs) that ensure 
the stacking of  products after disposal. On the other hand, 
“S123 Low weight” is a selection criterion or an optimization 
criterion that can be employed. Figure 3 similarly provides 
Type II eFRs and possible eDPs. 

Note that the development of  such a structured list is 
merely an attempt to collect and organize existing eco-factors. 
There are no doubt many other such eco-factors that could be 
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included here. The creation of  pre-prepared eFRs and eDPs is 
an ongoing and unending task as new ideas will arise in the 
literature.  

4 AUGMENTED DESIGN MATRIX 
To facilitate the inclusion of  cost in the Axiomatic 

Design process, Lee and Jeziorek [2004] proposed that a 
mapping be created between the physical domain (DPs) and 
the costing unit domain (or simply cost domain). Costing 
units (CUs) are parts and systems to which a cost can be 
associated. Note that DPs may not be costing units since they 
can be angles or dimensions as opposed to a complete part. 
Here, we propose that a similar mapping be employed 
between the DPs and any selection criteria. As in Lee and 
Jeziorek [2004], we will assume that there is a mapping 
between the DPs and SC units. As we have a particular 
interest in ecological assessment, LCA values are suggested 
for inclusion in addition to cost.  

 

 
Figure 3. Type II eFRs and possible eDPs. 

To clearly display the selection criteria values such as total 
cost and total LCA score, as well as highlight how much each 
costing unit or part contributes to the overall value, we 
employ an augmented design matrix (DM). Beneath the final 
row of  the traditional DM, we append one row for each 
selection criteria to be evaluated. For each such SC, we require 
that: 

1) The costing units or SC units to which we associate 
SC values exist as a subset of  the DPs; and 

2) The total score for the SC (e.g., total cost) can be 
obtained as the sum of  the highest level SC unit 
scores.  

Figure 4 depicts such an augmented design matrix. There, an 
additional row is added for each SC to be included.  

Note that since the SCs do not have associated DPs, the 
augmented design matrix is not square. The values in the 
augmented DM in the new rows are the cost or LCA value 
associated with those DPs that are included as an SC unit. 
Those DPs which do not have an associated SC unit are left 
blank. Summing the values for the highest level DPs (SC units) 
gives the total cost or LCA value for the design. Values may 
be assigned to lower level DPs (SC units) with the 
understanding that such values sum to give the score for their 
parent DP. 

It is important to note that LCA values are not available 
until the product has been completely designed at the detailed 
level. However, there are other approximate methods that can 
predict LCA values for a product at any stage of  the design 
process (more or less well, however). It is these methods that 
must be employed in the early stages of  the design to populate 
the augmented design matrix. 

An example of  the augmented design matrix will be given 
in our design example of  Section 6. 

5 ECO-DESIGN EXAMPLES 
In this section, we discuss via example how Axiomatic 

Design can well describe eco-friendly products. As mentioned 
in the introduction, others have used Axiomatic Design for 
eco-design. Here we study products that have not yet been 
analyzed, use our approach and develop a new idea for 
staple(r) design. That is, the decoupling demanded by Axiom I 
serves to naturally explain why a new design is more eco-
friendly than the previous one. The first example is from a 
known system. 

 
Figure 4. Augmented design matrix structure. 
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calculated as (1x500) + (1x50.13) =550.13. Therefore 
improving the light source, the rechargeable battery, plastic 
material and size of  flashlight will reduce the LCA value. 

 
FR1. Supplies light
        FR11. Supplies light in targeted area
        FR12. Supplies 45 lumens, 2 watts
        FR13. Supply energy for light

FR2. Enables emergency operation
        FR21. Absorbs energy from the environment
        FR22. Absorbs energy from user
        FR23. Resists impacts

FR3. Simple to use
        FR31. Requires little effort to absorb energy from user
        FR32. Enable user to operate mechanism in dark
        FR33. Portable

FR4. Protects the environment  
       Figure 7. FRs for an eco-flashlight. 

 
DP1. Lighting mechanism
        DP11. Magnifying lens and reflector
        DP12. 3 LED light bulbs
        DP13. Rechargable battery

DP2. Emergency functions
        DP21. Solar panel
        DP22. Dynamo
        DP23. Plastic casing

DP3. Ergonomic structure
        DP31. Pull string operating cog wheels
        DP32. Glow in the dark operation buttons
        DP33. Size that fits in hand

DP4. Program to protect the environment  
Figure 8. DPs for an eco-flashlight. 

6.1 DECOUPLING 
We next strive to eliminate couplings and produce a new 

design. A new concept whose DPs are given in Figure 10 and 
whose augmented design matrix is depicted in Figure 11 
includes the following features. Note that for the EC1, …, 
DP’s effect value rows, we have normalized using the sum of  
values from the benchmark design, since the new design has 
smaller values. 
• Rechargeable battery: Chemicals used in the battery can 

be harmful after disposal. This coupling effect is 
eliminated by replacing the battery with the ultracapacitor. 
The ultracapacitor has no chemical reactions which 
eliminates the environmental impact. In this new design, 
additional material for casing can be reduced since the 
size of  the energy storage is also reduced. 

• Plastic material for casing: The thickness of  the 
benchmarked flashlight ranged from 1.6mm to 5mm. By 
choosing to use 1.6 mm thickness of  material for the 
casing of  the flashlight, the environmental effect is 
reduced and durability of  the product is still ensured. 

• Small enough to grip by hand: Since the new concept 
uses an ultracapacitor, to guarantee maximum energy 
stored in less time, the number of  turns of  the dynamo 
should be increased but still use a minimum amount of  
space. This can be done when the size of  the cog wheels 
is reduced to 27 teeth per cog wheel and the number of  
cog wheels is increased. Reducing size of  cog wheels and 
replacing energy storage component reduces the burden 
of  size of  product to the environment. 

Even though the light source has the greatest effect, no 
changes were made; it already emits sufficient lumens using a 
minimum amount of  energy.   
 

LCA value DP1 DP11 DP12 DP13 DP2 DP21 DP22 DP23 DP3 DP31 DP32 DP33 DP4
FR1 X O O O O O O O O O
FR11 X O O O O O O O O O O O
FR12 O X O O O O O O O O O O
FR13 O O X O O O O O O O O O
FR2 O O O O X O O O O O
FR21 O O O O X O O O O O O O
FR22 O O O O O X O O O O O O
FR23 O O O O O O X O O O O O
FR3 O O O O O O O O X O
FR31 O O O O O O O O X O O O
FR32 O O O O O O O O O X O O
FR33 O O O O O O O O O O X O
FR4 X O X X X O O O X O O O X
EC1 8.97 0.04 O 0.19 0.11 0.11 0.19 0.11 0.07 0.19 O
EC2 500 0.07 O 0.21 0.10 0.10 0.17 0.10 0.07 0.17 O
EC3 50.13 0.10 O 0.23 0.10 0.10 0.16 0.10 0.06 0.16 O
DP's effect value 156.10 39.67 0.00 116.43 211.10 57.57 57.57 95.95 191.91 57.57 38.38 95.95 0

Figure9. Augmented design matrix for basic flashlight. 
 

DP1. Lighting mechanism
        DP11. Magnifying lens and reflector
        DP12. 3 LED light bulbs
        DP13. Ultracapacitor

DP2. Emergency functions
        DP21. Solar panel: Thin-film crystalline silicon (30x30 mm)
        DP22. Dynamo: Cylindrical (15x25 mm)
        DP23. Plastic casing of 1.6 mm thickness

DP3. Ergonomic structure
        DP31. Pull string operating 8 cog wheels (4x15 mm and 4x10 mm diameter)
        DP32. Glow in the dark operation buttons
        DP33. Size that fits in hand (28.12x24x77.41 mm)

DP4. Program to protect the environment  
Figure 10. DPs of  the eco-flashlight. 

The final design of  the product is depicted in Figure 12 and 
uses an ultracapacitor as the main component for energy 
storage. The size and shape of  the product’s casing was 
chosen to minimize the amount of  material required.  Figure 
12 shows the top and side views.  
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LCA value DP1 DP11 DP12 DP13 DP2 DP21 DP22 DP23 DP3 DP31 DP32 DP33 DP4
FR1 X O O O O O O O O O
FR11 X O O O O O O O O O O O
FR12 O X O O O O O O O O O O
FR13 O O X O O O O O O O O O
FR2 O O O O X O O O O O
FR21 O O O O X O O O O O O O
FR22 O O O O O X O O O O O O
FR23 O O O O O O X O O O O O
FR3 O O O O O O O O X O
FR31 O O O O O O O O X O O O
FR32 O O O O O O O O O X O O
FR33 O O O O O O O O O O X O
FR4 X O O X X O O O X O O O X
FR41 10.4 0.04 O 0.11 0.11 0.11 0.07 0.07 0.07 0.04 O
FR42 500 0.07 O 0.10 0.10 0.10 0.07 0.07 0.07 0.03 O
FR43 56.76 0.10 O 0.10 0.10 0.10 0.06 0.06 0.06 0.03 O
DP's effect value 98.73 40.36 0.00 58.37 155.66 58.37 58.37 38.92 97.29 38.92 38.92 19.46 0.00  
Figure 11. Augmented design matrix for eco-flashlight. 

 

 
Figure 12. Component designs for eco-flashlight. 

6.2 ANALYSIS 
The benchmarked design was a BENEX flashlight that 

used a pull string dynamo and solar panel. The size of  our 
benchmarked design is 17x50x130mm and the dynamo turned 
182.25 times per pull of  the string. Our new design is 
28.12x24x77.41mm and produces 478.3 turns in one pull.   
Our new design has the same features, but it is more eco-
friendly.  

When choosing the best material for the flashlight, the 
lowest result of  weight for the same amount of  material 
multiplied by the amount of  CO2 emission of  that material 
was used. In the benchmark products, plastic and aluminium 
were used. For aluminium the CO2 total was 30.988 
(15.81x1.96) and for plastic 26.641 (8.97x2.97). The plastic is 
best for this product.  

The cost for a 500 mAh ultra capacitor is 2,683 KRW 
(see Mouser [16]). The cost for a 500 mAh li-ion battery is 
638.8 KRW (see Mouser [17]). This is often the case when 
eco-friendly solutions are implemented since they include 
more advanced technologies. The cost will reduce when 
demand increases with growing awareness of  more eco-
friendly products.  

7 CONCLUDING REMARKS 
As the decisions made early in the design process dictate the 
majority of  the product cost and ecological effect, it is 
essential to include eco-factors early. By demonstrating that 
eco-factors can be naturally included in the Axiomatic Design 
process in numerous locations, it is possible to employ the 
power of  Axiomatic Design to influence early design 
decisions. In addition to providing justification for the 
locations of  various eco-factors in the design process, we 
include LCA values (or other eco-assessment tools) as a 
selection criterion and augment the design matrix so that LCA 

results may be naturally included in the Axiomatic Design 
process. We demonstrated via example that ecologically 
friendly products can be analyzed and designed by this 
approach. Finally, we used Axiomatic Design and the ideas 
presented here for the design of  an eco-friendly flashlight. It 
is our hope that the discussion presented here will serve as an 
aid to engineers seeking to develop more eco-friendly 
products and services. 
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ABSTRACT 
The eco-design approach for new product development 

is becoming progressively more and more important for 
market and legislative reasons especially in advanced markets 
(EU USA, East Asia, etc.). 

This paper analyzes through Axiomatic Design (AD) the 
potential capability of  the meta-product approach connected 
with the use of  a tailored Smart Eco-design Platform, for the 
improvement of  the eco-sustainability of  products. The 
approach, proposed by the authors to eco-design, introduces 
the meta-product level (or Functional System level) as the 
reference level for detecting and developing the optimal 
design through the use of  AD. The first axiom aims to define 
the Design Matrix of  the Functional System in order to detect 
its best configuration. The purpose is to avoid an optimization 
without appropriate knowledge in terms of  interaction meta-
product-resources. Then the Functional Requirements 
definition, used in AD, could represent the ideal index for the 
ease of  sharing information and knowledge on a wide scale  
among different industrial sectors. 

The development of  the Smart Eco-design Platform 
could encourage the use of  this approach in real product 
development. In this way it could be possible to develop a 
system of  products with an overall higher level of  eco-
sustainability optimization, i.e. a system that needs less 
consumption of  energy and material during all the products 
life cycles.  

A case study about the improvement of a functional 
system composed of a refrigerator and a kitchen cabinet is 
included in the present paper to explain clearly the proposed 
approach. 

Keywords: eco-design, Functional System, design approach, 
product development, meta-product. 

1 INTRODUCTION 
Scientific research and industrial results have been 

developing with a focus on effective eco-design approaches 
for new product development [Cappelli et al,. 2006; Collado-
Ruiza, et al., 2010; Roche et al., 1999; Waage, 2006]. Through 
these activities, good technical knowledge about the science 

and the characteristics of  different materials and their level of  
environmental impact has been developed and collected in 
many commercial databases (e.g. Ecoinvent, Idemat, ETH-
ESU, ELCD, etc.). In addition, many indices, measurement 
methods and technological guidelines have been introduced to 
measure and manage the environmental impact performances 
of  a large set of  industrial products [Riess et al., 1999 and Le 
Pochat et al., 2007]. All of  these skills are strongly connected 
with a smart use of  raw materials (reduction of  weight, 
recyclability and management of  hazardous materials), of  
energy (CO2 emission reduction and energy efficiency) and 
the reduction of  waste (scrap and hazardous materials). 

An analysis of  the current state  of  the art shows that the 
impact of  eco-design activities for the development of  new 
product are mainly limited by the following two main critical 
issues. On one hand, a single product point of  view is used 
for eco-design analysis and considerations. In fact, traditional 
approaches obtain a first level of  optimization through the 
progressive extension of  the use of  the knowledge 
(transformed in useful information for designers and process 
managers) in the overall supply chain of  each product [Zhu, et 
al., 2010]. In this way it could be possible to obtain design 
solutions for each product which is able to optimize the 
environmental impact of  a supply chain with different levels 
of  complexity. The potential result is of  undoubted value but 
it could be considered as a first level of  optimization for the 
Eco-design Approach. As a matter of  fact, the usual Eco-
design Approach optimizes the single product independently 
of  the system synergies related to the products that belong to 
the same meta-product during their life cycle. On the other 
hand, the sharing and the use of  eco-design knowledge and 
experience in a large set of  the industrial sector results in 
complexities for industrial users. Consequently, only a few 
industrial sectors (for instance the automotive one) have 
successfully introduced eco-design activities in their new 
product development processes with different levels of  
effectiveness [Johansson, 2002]. One of  the most important 
root causes of  this aspect is that all of  the information is 
organized in a database based on the Technical Characteristics 
of  the products that are often very different (per sector) from 
each other. 
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ABSTRACT 
In architectural or civil engineering problems, like the 

functional design of  an airport passenger terminal, complexity 
increases when the obligatory functional aspects of  the 
infrastructure meets customers’ needs. With the use of  
Axiomatic Design, this paper explores new ways of  
addressing the functional design problem of  an airport 
terminal. Such buildings are characterized by the presence of  
a vast number of  stakeholders interacting simultaneously, and 
whose necessities present a huge variety and variability. In 
such a framework, this paper shows how Axiomatic Design 
becomes optimal in order to find the minimum set of  
functional requirements that establish the basic topology of  a 
passenger terminal at a small Spanish tourist airport. 

Keywords: airports, passenger terminal, functional design, 
axiomatic design. 

1 INTRODUCTION 
The design of  an airport passenger terminal requires the 

consideration of  an enormous number of  variables due to the 
number of  stakeholders involved in all of  the activities taking 
place in such an infrastructure. Apart from that, the passenger 
terminal must be optimized for a very wide range of  air traffic 
densities that strongly depend on seasons, peak days, peak 
hours etc. Moreover, the infrastructure conceived must be 
valid for the current and the future air traffic demand which 
fluctuates around the predicted number of  passengers and 
airplanes movements. Therefore, it is possible to establish that 
robustness should be a design target. On the other hand, 
passengers’ needs are fulfilled when their transfer from the 
landside to the airside is optimally accomplished with the 
minimum process time and minimum emotional implications. 
Additionally, a large number of  non-passenger stakeholders 
(such as handling companies, airlines companies, security 
companies, etc.) organize their activities to provide all of  the 
processing facilities needed to ensure optimal management of  
passengers’ departures and arrivals, while guaranteeing an 
excellent level of  service with the minimum time required and 
the maximum security ensured. All of  these aspects confer to 
the terminal design problem a high degree of  complexity.  

The preliminary stage of  an airport’s conceptual design, 
also called “quick dimensioning,” can be performed by the use 
of  formulae that can vary according to each national 
regulatory authority, airport manager or international 

organizations [Ashford, 1988], such as the British Airport 
Authority (BAA), the Federal Aviation Authority (FAA), 
Aéroports de Paris, Aeropuertos Españoles y Seguridad Aérea 
(Aena) or the International Aviation Transport Association 
(IATA). These formulae should ensure a certain level of  
service and serve as a guideline to establish the relation 
between typical design parameters such as level of  service, 
peak day, peak departures hour, peak arrivals hour, busy hour, 
aircrafts movements per hour etc. and the infrastructure 
needed to satisfy them (number of  check-in counters, 
restaurant surfaces, etc.) [FAA, 1988 and IATA, 2004]. Once 
the basic dimensions and infrastructures are estimated, their 
distribution and configuration are established according to 
architectural and functional criteria. Very often this task is 
done by selecting, among the solutions applied in other 
airports, the ones that best match the necessities identified. 
What needs to be mentioned here is that between the 
dimensioning step and the lay-out configuration stage, the 
passengers’ necessities might be forgotten [IATA, 2004].  

Traditionally, the airport engineering literature has studied 
the issue of  the conceptual design of  passenger terminals 
[Ashford, 1992 and Horonjeff, 1994]. In this paper, a new way 
of  approaching the functional design of  an airport passenger 
terminal is explored with the use of  Axiomatic Design [Suh 
1990 and Suh 2001], particularly, with the aim of  solving 
simultaneously the dimensioning and the lay-out problem, and 
finding the minimal set of  functional requirements that define 
the basic topology of  the terminal building. 

The case in this study is a generic, small Spanish tourist 
airport. This paper describes the results found for three main 
functional areas of  the departures process: the departures 
curb, the departures concourse & the check-in hall and 
departures lounge.   

In order to present the aforementioned results, this article 
describes in Section 2 the formulation of  the design problem, 
where methodological aspects, definitions and restrictions are 
established. Further, in Section 3 the design of  the three main 
functional areas is carried out, and the resultant topology of  
the terminal building is presented. Finally, conclusions and 
references close the study.  

2 FORMULATION OF THE DESIGN PROBLEM 
2.1 DEFINITIONS  

Aerodrome: “defined area on land or water (including 
any buildings, installations and equipment) intended to be 
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used either wholly or in part for the arrival, departure and 
surface movement of  aircraft.” [ICAO, 2004]  

Airport: aerodrome where permanent facilities and 
services exist to regularly assist air traffic, to allow parking and 
repairs of  aerial material and to receive and process 
passengers or freights.  

Passenger Terminal: “primary processing interface that 
lies between the various modes of  surface access and airside 
infrastructure systems.” [IATA, 2004] Therefore, the 
passenger terminal constitutes an exchanger of  transportation 
modes that brings passengers from the landside to airside 
through a series of  functional steps. 

Functional Design: preliminary stage of  the conceptual 
design where the basic topology of  the airport and its basic 
dimensions are fixed. Given a passenger flux as a function of  
time, during the functional design the areas of  the terminal 
used for accomplishing different functionalities must be sized, 
shaped and located side by side in order to ensure the correct 
connection between them. For example, the departures curb, 
the check-in hall and the departures lounge are functional 
areas to be defined, whereas the number of  check-in desks, 
passport control positions and security screening check points 
are functional elements to be placed in the functional areas. 

2.2 METHODOLOGY 
The design of  the departures functional areas must 

ensure that passengers go through all of  the procedures 
needed to bring them from the landside to the airside in an 
optimal way and in the minimal time required.  Figure 1 
depicts the passengers’ departures process.  

 
Figure 1. Passenger departures process. 

As it can be seen, in their process from landside/airside 
passengers must go through three main functional areas: the 
departures curb, the departures concourse & check-in hall and 
the departures lounge. Obtaining the main characteristics 

(shape, size, lay out) of  these spaces is the object of  the 
present study, and their design is presented in Section 3.  

The concept of  the solution proposed is based on the 
analysis of  the path followed by each type of  passenger in 
departures (tourist, non tourist, disabled, etc.). Indeed, in 
order to establish the list of  functional requirements of  each 
functional area, an inquiry was done to survey customers’ 
needs. All of  the information obtained in the customer 
domain was analyzed with the use of  the independence axiom 
first and with the information axiom later [Suh, 1990]. As a 
consequence, customers’ necessities were translated into the 
minimum set of  independent functional requirements 
pertaining to the first level of  hierarchy. This set should take 
into consideration the basic functions that each area should 
accomplish in order to fully ensure passengers’ satisfaction.  

Generally, customers’ express their needs under a 
qualitative or vague formulation [Suh, 2001] that describes the 
way that they would like to feel during their time at the airport. 
The main objective of  the mapping between the customer 
domain and the functional one is to translate passengers’ 
qualitative needs and emotions (that they may feel during any 
of  the procedures at the airport) into the minimum set of  
independent functional requirements. This set of  functional 
requirements should not only encompass all of  their needs 
but should also be precise and easy to analyze and treat.  

Additionally, customers’ needs may encounter other 
stakeholders’ requirements, such as the number of  aircrafts 
simultaneously in contact positions, the capacity of  security 
screening, the recommended standards of  airport organisms, 
governmental regulations, etc. Therefore, in order to 
completely define the design problem, a list of  constraints 
must be written. In the first level of  the hierarchy, four main 
input constraints affecting all of  the functional areas are taken 
into consideration: 1. - Existing infrastructures affecting 
the terminal building (airfield infrastructure, urbanism, etc.); 
2. - Environmental aspects; 3. - IATA recommended 
values and 4. - Air traffic data forecast. The first one 
restricts the placement and orientation of  the new building. 
The second one may limit its growth. The third one 
establishes the minimum infrastructure needed to accomplish 
a particular level of  service. And the fourth one fixes the 
design point, i.e., the number of  passengers per hour and 
aircraft movements per hour that have to be managed. It is 
important to note the traffic variation in Spanish seasonal 
airports. Over half  of  their demand might be concentrated in 
the summer months [Ashford 1988 and Aena, 2010]. 
Therefore, the terminal conceived must be able to adapt its 
infrastructure to huge differences in air traffic volumes during 
the year, with peaks of  demand in the summer. This need is 
going to be called modularity. However, according to the 
definition given by Axiomatic Design for functional 
requirement, modularity cannot be considered as a functional 
requirement because it is not independent of  other functional 
requirements such as accessibility or information. As a result, 
modularity appears as an important constraint to the design 
problem and its compliance will be checked during the design 
process. Additional constrains (introduced by particular 
passengers needs) may affect the individual functional areas 
and will be discussed in section 3.  
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Afterwards, the study discusses how the design 
parameters are obtained. These parameters are found in the 
physical domain with the aim of  satisfying the list of  
functional requirements inside the boundaries framed by the 
constraints. In order to get an optimal design, the number of  
design parameters must be the same as the number of  
functional requirements, and each parameter should control 
only its corresponding functional requirement. Consequently, 
to meet the independence and information axioms, an optimal 
design is functionally uncoupled and contains the minimum 
information [Suh, 1990]. The relations between the functional 
requirements and the design parameters are characterized by 
the design matrix which is written for each functional area.  

As a result, the design process used to solve the 
functional design of  the airport terminal is based on the 
interaction between three main domains: customers, 
functional and physical [Suh, 1990 and Suh, 2001]. The 
application of  the two axioms of  design to the first mapping 
provides the minimum and independent list of  functional 
requirements and the necessary list of  constraints, whereas the 
application of  the axioms to the second mapping provides the 
optimal set of  design parameters. Figure 2 draws the three 
domains considered. 

 
Figure 2. Design domains. 

2.3 IATA RECOMMENDATIONS 
IATA formulae relate the infrastructure needed to 

accomplish the correct processing of  the estimated number 
of  passengers according to a desired level of  service [IATA 
1995 and IATA 2004]. In this study it has been assumed that 
under IATA recommendations the desired level of  service is 
not guaranteed. Therefore, such recommendations settled as a 
constraint: establish the minimum functional elements, lengths 
and surfaces required for ensuring the desired level of  service. 
In addition, they provide design parameters’ minimum values 
that decouple the functional requirements.  

The IATA recommendations needed for the 
dimensioning of  the three main functional areas considered 
are given by equations (1) to (7)  
  

60
a l tL f
n
⋅

=  (1) 

 1
1

3 (1 )
2 60

tS f s a o= +  (2) 

 2
2

1
2 60

tS f s a ⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (3) 

 3

60cc
tN f a=  (4) 

 [ ]1 2(1 )S a p s p s= + −  (5) 

 
cp

WN a
y

=  (6) 

 4

60pc
tN f b=  (7) 

Where the variables a, b, L, S1, S2, Ncc, S, Ncp, Npc,, f, l, n, o, 
p, s, s1, s2, t, t1, t2, t3, t4, W, and y correspond to: 

Table 1. Design IATA values. 
Description Value

a Originating passengers in the 
design hour 

See Table 2 b Originating or Arriving Non 
Schengen passengers in the 
design hour 

L Length of  the curb Eq. (1) (m)
S1 Surface of  the departures 

concourse 
Eq. (2) (m2)

S2 Surface of  the queuing area 
(check-in hall) 

Eq. (3) (m2)

Ncc Number of  check-in counters Eq. (4)
S Functional surface of  the 

departures lounge 
Eq. (5)

Ncp Number of  security check 
positions 

Eq. (6)

Npc Number of  passport control 
positions 

Eq. (7)

f IATA recommendation for the 
error margin of  10% 

1,1 

l Average curb length required by 
car or taxi 

6,5 m

n Average number of  passengers 
per car or taxi 

2 

o number of  visitors per passenger 0,05 (international)
0,3 (national) 

p percentage of  seated passengers 0,6 
s Space required per passenger 1,5 m2

s1 area required per sitting passenger 
(departures lounge) 

1,7 m2

s2 Area required per standing 
passenger (departures lounge) 

1,2 m2

t Average curb occupancy time per 
car/taxi (departures curb) 

2 min.

t1 Average occupancy time per 
passenger or visitor (check-in 
hall) 

20 min.

t2 Average processing time of  50% 
of  the design hour passengers 
(check-in hall) 

20 min.

t3 Average processing time per 
passenger (check-in counter) 

1,5 min.

t4 Average processing time per 
passenger (passport control) 

0,3 min. 
(departures) 
0,5 min. (arrivals) 

W Number of  hand baggage items 
per passenger 

2 

y Capacity of  X-ray hand baggage 
Unit 

600 pcs/hour

{CNs} {FRs} {DPs}

Customers  Functional Physical  
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3 SOLUTION BASED ON AXIOMATIC DESIGN 
3.1 DESIGN POINT 

The design point of  the terminal is given by the air traffic 
demand values collected in Table 2. 

Table 2. Air traffic forecast. 
 Passengers Aircrafts
Total  4 100 000 46 700
Busy day  33 300 317
Peak day  34 540 325
Maximal peak hour 3 550 25
Design hour 2 860 25
Arrival design hour 1 430 17
Departure design hour 1 430 16
National design hour 1 490 17
UE Schengen design hour 2 550 14
UE no Schengen design hour 2 550 14
Non UE design hour 600 3
Non tourist design hour 1 310 16
Minimal departure design hour 655 8

 

3.2 DEPARTURES CURB 
The departures curb constitutes the interface through 

which passengers enter the Airport Terminal and where 
“vehicular flows become pedestrian flows and vice-versa” 
[IATA, 2004]. The design of  this functional element has to 
consider all of  the ways to get to the airport from the landside, 
such as rented cars, taxis, public transport, tourist buses or 
private cars. And, it must guarantee an optimal access to the 
airport terminal assuring a free-flowing traffic pattern. 

Considering the reasons above, in the first level of  the 
design hierarchy the main functional requirements are: 1.-
“enough space to park for some minutes,” 2.-“minimal traffic 
congestion,” 3.-“optimal accessibility to the terminal,” 4.-
“weather covered,” and 5.-“optimal information for travellers”. 
On the other hand, the design parameters that should satisfy 
the related needs are: 1.-“length of  the curb,” 2.-“road layout,” 
3.-“landside geometry of  the terminal,” 4.-“weather 
protecting systems” and 5.-“signage system”. 

The design matrix obtained for the departures curb is 
shown in Figure 3. In the design matrix the following notation 
is used: X strong dependence; - minor dependence; 0 no 
dependence. 
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 Figure 3. Departures curb design matrix. 

The recommended value for the length of  the curb in 
order to provide enough parking spaces for taxis and cars 
obtained is 171 m Eq.(1). As a result, the fulfilment of  
functional requirement 1 is achieved with any geometry 
providing a minimal of  171 meters of  departures curb. 
Furthermore, this minimum guarantees the independence 
between functional requirements 1 and 2. We suppose that 
under this length, the main cause of  traffic congestion is the 

lack of  space for vehicles to stop, whereas beyond this value, 
an appropriate road lay out could be primarily responsible for 
free-flowing traffic.  

The achievement of  the first functional requirement 
invites us to consider the simplest solution: 171 meters in a 
straight line with two lanes, a loading/unloading one and a 
through traffic one. This solution, however, couples the first 
and the second requirements. The flows of  the cars circulating, 
restarting their motion and arriving at the terminal converge 
in a single lane. Thus, minimal traffic congestion is not 
guaranteed. Consequently, the systematic application of  the 
axiomatic approach for the first and second functional 
requirements suggests the necessity of  at least three lanes: one 
for loading/unloading, one for circulating and one that 
uncouples the two arriving and departing flows. This middle 
lane provides easy access to the stop lane and enables a fluent 
restart of  the motion: it can be thought of  as a manoeuvring 
lane (zone A Figure 4). 

The fulfilment of  functional requirement 3 requires the 
stopping lane to be placed closest to the main entrances of  
the terminal. That means that the architecture of  the landside 
part of  the building must follow the line drawn by the curb, 
and several main entrances to the terminal must exist along 
the whole landside perimeter. In this work, we propose three 
main entrances in the building façade, one in the middle and 
two others symmetrical and 60 meters distant from the central 
one. 

Due to the necessity of  optimal accessibility for all 
passengers, we will study the design solutions obtained for 
disabled passengers. First of  all, the size of  the parking places 
required for stopping vehicles with disabled passengers is 
bigger than the average size (6,5 x 2,5 m2). This circumstance 
adds a restriction to the design problem. For this concrete 
case, the fulfilment of  the first functional requirement is 
assured by a 6,5 x 3,60 m2 emplacement. The second 
functional requirement is guaranteed as we saw above by the 
existence of  a manoeuvring lane. The achievement of  the 
third requirement situates precisely the emplacement of  the 
stopping area for disabled travellers. An optimal access to the 
terminal is only assured if  the load/unload positions are 
placed in front of  the main entrances. This conclusion obliges 
the designer to reserve at least three load/unload 
emplacements for disabled passengers: one at the beginning 
of  the curb, one in the central position and one at the end. All 
of  them must be placed in front of  the three main entrances 
(zone B Figure 4). 

Once the load/unload parking areas for disabled 
passengers are defined, the flow of  public and tourist buses 
with the axiomatic approach is studied. In Spanish seasonal 
airports a big percentage of  the foreign tourists arrive at the 
airport by tourist buses. This fact introduces a strong 
restriction to the design of  the departures curb. Seasonal 
demand generates peak hours of  bus movement. The 
achievement of  functional requirement 1 forces the existence 
of  a parking area for tourist buses with at least 20 parking 
spaces. Requirement 2 cannot be fulfilled if  the tourist bus 
flows use the same lane as the average vehicles (Axiom 1). 
Consequently, the tourist parking zone must be placed in one 
of  the lateral parts of  the building. For that reason, the first 
and second requirements suggest a precise placement of  the 
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parking zone for buses at the right side of  the terminal (zone 
C Figure 4). 

Functional requirement 3 cannot be achieved if  a main 
entrance to the building is not placed next to the bus parking 
area. That is the reason for adding a fourth entrance on the 
right side of  the building. 

In addition, public transportation by bus must be also 
considered. Public buses arrive at an average frequency of  20 
minutes. Based on the same considerations involved in the 
decision of  the tourist bus parking area, the solution adopted 
for public buses is a bus stop next to the entrance on the right 
side of  the terminal (zone C Figure 4). 

For both the tourist and public bus traffic, the fulfilment 
of  the second requirement forces the existence of  a 
recirculation road around the bus parking. This road aims to 
avoid the presence of  buses at the front curb and 
consequently the mixing of  vehicles and bus traffic.  

Finally we will study the flow of  non tourist passengers. 
Even if  Spanish tourist airports concentrate the majority of  
their air traffic during the summer season, a constant 
movement of  national passengers exists throughout the whole 
year - passengers whose needs are completely different than 
the tourists’ ones. This includes the need for a short term 
parking area connected directly to the terminal. For the 
predicted non tourist passengers in the departures area (655 
pax/hour), a short term parking area with capacity for 230 
cars is included. 

Functional requirements 1 and 2 place a parking area in 
the South lateral side of  the passenger terminal. The 
fulfilment of  the third requirement (optimal accessibility) 
forces the existence of  a fifth entrance on the left side of  the 
building, symmetrical to the one previously defined on the 
right side (zone D Figure 4). 

Therefore, the systematic application of  Axiomatic 
Design to the different users of  the landside curb provides a 
conceptual solution that satisfies everyone’s needs. The 
achievement of  the fourth and the fifth requirements (weather 
covered and optimal information) will be guaranteed with the 
use of  shelters for the rain and with the implementation of  an 
optimal signage system that conveniently informs travellers.  

As a conclusion to the departures curb design we collect 
the results obtained: 171 meters curb with three lanes for cars 
and taxis: one for loading/unloading, one as a manoeuvring 
and a through traffic one. Additionally, five entrances are 
needed for the passenger terminal: three in the main and 
frontal façade and two in both of  the lateral sides. On the 
right side, parking for buses (public and tourist) with a proper 
recirculation road is proposed whereas on the left side a short 
term parking area for non tourist passengers is suggested. As 
it can be seen, the structure drawn by the application of  the 
axiomatic approach provides a quasi-symmetrical solution that 
can adapt its infrastructure to the fluctuant demand during the 
different seasons. Indeed, in the winter season when tourist 
bus traffic is reduced to a minimum and air traffic demand 
decreases, the symmetry allows both sides of  the terminal to 
be used for the same purposes, and therefore satisfies the 
whole winter demand with half  of  the infrastructure, reducing 
costs and time in process. Figure 4 describes the solution 
adopted. 

 
Figure 4. Departures curb. 

3.3 DEPARTURES CONCOURSE & CHECK-IN HALL 
“The airlines acceptance of  passengers and their checked 

baggage takes place at the check-in facility, which consists of  a 
number of  check-in counters with appropriate outbound 
baggage conveyance facilities” [IATA, 2004]. 

Functional requirements chosen for this system are: 1.-
“minimal time in the check-in process”; 2.-“enough surface 
for functional elements”; 3.-“accesibility to security or 
passport check” and 4.-“optimal information for travellers”. 
The design parameters to cover all of  these requirements are: 
1.-“number of  check-in counters”; 2.-“departures concourse 
& check-in hall surface”; 3.- “interior geometry of  the 
building”; 4.- “signage”. It has to be mentioned here that 
functional requirement 2 includes enough area for passengers, 
baggage trolleys, information points, queuing areas and 
visitors.  Figure 5 shows the design matrix obtained. 
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Figure 5. Design matrix check-in hall. 

Firstly, the axiomatic approach is applied to the election 
of  a centralized/decentralized check-in concept [IATA, 2004]. 
The fulfilment of  functional requirements 1, 2, 3 and 4 is 
better achieved with a decentralized check-in concept, 
combining a gate check-in for non tourist flux (constant the 
whole year) with a central area for tourists during the summer 
season. A gate check-in permits easier access to the security 
check and reduces queuing times. Moreover, the decentralized 
concept permits a separation of  the different flows according 
to each type of  air traffic, and as a consequence, facilitates the 
accessibility to the security check (especially for the gate 
check-in) and the information system inside the terminal. 

However, this solution is not in compliance with the 
constraint of  modularity. Considering the specificity of  the 
seasonal demand (peak days of  non regular flights of  different 
types of  traffic such as UE Schengen, UE Not Schengen, etc.) 
and according to the definition given of  modularity (capacity 
of  adjusting to the demand) a decentralized system cannot 
offer flexibility. Indeed a modular terminal cannot be obtained 
if  each part of  the check-in hall cannot adapt itself  to the 
concrete necessities of  the demand. This argument becomes 
essential when the desired modularity is expected as a 
progressive adaptation to the increasing demand from the 
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beginning of  the tourist season. Therefore, in order to satisfy 
the restriction imposed, a centralized concept is chosen. 

Next, the axiomatic approach will be applied to the goal 
of  drawing the optimal check-in layout with the aim of  
discriminating between an island type and linear type check-in.   

Seasonal demand introduces a strong restriction in the 
design of  the check-in layout. Peaks of  tourists produce long 
queues in the check-in counters. A layout based on an island 
concept can satisfy functional requirements 1 and 2 with 
enough check-in desks and with enough functional queuing 
areas, but it doesn’t satisfy the rest of  the functional 
requirements. Perpendicular to the main landside façade, 
check-in islands would produce long queues that would block 
the free flow of  passengers. Parallel to the mentioned façade, 
they would demand a wider queuing area and consequently 
longer distances to cover. In both configurations, the 
requirement of  accessibility is not fulfilled. Thus, the frontal 
linear layout is chosen. 

For this type of  configuration and according to the 
predicted number of  originating passengers, the 
recommended number of  check-in counters is 40 Eq. (4) and 
the minimal area needed for the departures concourse and the 
queuing area  is 1 927  m2 Eq.(2) and Eq.(3). In order to fulfill 
functional requirements 1 and 2, 42 check-in counters are 
chosen and a wider functional area is guaranteed (minimum 30 
meters in the queuing sense). The fulfillment of  functional 
requirement 3 obliges the designer to facilitate the access of  
the passengers to the security check. To achieve this need, the 
set of  42 check-in counters is divided into three groups of  14. 
The distance between each group will be large enough to 
permit the passenger to circulate (zones F1, F2 and F3 in 
Figure 6). With this configuration, the fourth functional 
requirement will be satisfied if  an optimal signage system is 
installed. In such a solution, modularity is assured: the 
proposed layout allows three design points: 14, 28 and 42 
check-in desks. 

Finally, the same method is applied to determine the 
number of  desks intended for disabled passengers. The first 
and the second functional requirements are largely fulfilled if  
one counter of  each group of  14 is prepared for attending 
reduced mobility persons. The fulfilment of  the optimal 
accessibility requires the designer to reserve the desks located 
at the end of  the group. Therefore, desks 1, 15 and 42 would 
be adapted to the service of  disable passengers (lateral sides 
of  F1, F2 and F3 in Figure 6). 

Finally, automatic check-in counters are considered. 
Considering the needs of  the passengers, 10 auto checking 
counters would be enough to satisfy the first functional 
requirement. The second functional requirement is 
automatically achieved if  a minimum queuing area is 
considered. The independence of  the third requirement places 
the mentioned counters in the lateral part of  the terminal in 
order to uncouple the flows of  passengers using automate 
check in and not. Functional requirement 4 is directly 
achieved with an optimal signage system, and the fulfilment 
of  modularity implies the existence of  two groups of  
automate checking counters, in both sides of  the terminal 
(zones G1 and G2 in Figure 6). 

As a conclusion, a schema of  the solution is presented in 
Figure 6. As it can be seen, a circulation area around the 

check-in counters is defined in order to satisfy the optimal 
accessibility of  passengers and in order to maintain an 
uncoupled design, by maintaining the independence of  the 
queuing area with the circulation of  travellers (zone E in 
Figure 6). 

 
Figure 6. Departures concourse & check-in hall. 

3.4 DEPARTURES LOUNGE 
The departures lounge accommodates the passengers 

who have already checked-in and still await their boarding gate 
details. According to IATA, “[a]t small-scale airports, it may 
not be cost-effective to provide separate departure lounge and 
gate lounge facilities” [IATA, 2004]. Hence the departures 
lounge integrates the common hall and the boarding gate 
facilities. The set of  functional requirements is: 1.-“enough 
surface to accommodate the number of  passengers in the 
design hour”; 2.-“leisure and entertainment offerings”; 3.- 
“accessibility to aircraft” and 4. - “optimal flight information.”. 
In order to achieve all of  these necessities, the design 
parameters are: 1.-“functional surface”; 2.-“leisure time 
surface”, 3.-“geometry” and 4.-“signage system”. The 
resultant design matrix is shown in Figure 7. 
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Figure 7. Design matrix of  departures lounge. 
The design of  the departures lounge is subject to a strong 

restriction introduced by the minimal airside perimeter 
required to park the number of  estimated aircrafts. The 
predicted number of  aircraft movements per hour and the 
characteristics of  a seasonal demand invite a solution of  5 
boarding bridges combined with remote parking positions. An 
average distance of  55 meters between each bridge implies the 
need of  a 220 meters airside perimeter. On the other hand, 
the minimal recommended area in order to accommodate 
passengers and leisure concessions is 2 860 m2 Eq.(5) (leisure 
concessions surface is dimensioned as  30% of  the departures 
lounge functional area). The fulfilment of  functional 
requirements 1 and 2 is assured by any geometry that provides 
the minimal needed area. For example, a 220 meters linear 
façade or a 110 meters pier would both suffice. However in 
this precise case, the axiomatic approach draws a close 
geometry. As it has been studied in Section 3.3, modularity 
and accessibility demand the availability of  all of  the check-in 
counters for all types of  traffic. Assuming that the security 
check serves as an interface between the landside and airside, 
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the geometry that satisfies a 220 meters airside perimeter and 
that provides the optimal accessibility to all the boarding 
bridges from a concrete point is a 70 meters radius 
semicircuference centred in the security check (zone H2 in 
Figure 8).  As it can be seen, this geometry largely satisfies the 
recommended area, and implies shorter distances to the 
boarding gates than linear or apron concepts. The functional 
requirement “demanding easy orientation and information” is 
also achieved by this geometry and must be accompanied by 
an optimal signage system. Finally, modularity is also satisfied. 
Indeed, the proposed geometry permits each boarding bridge 
to be individually operated. Besides, an optimal isolation 
system could keep closed a desired part of  the departures 
lounge during the winter season.   

In order to satisfy travellers’ needs, a relaxing/waiting 
area could be defined following the airside perimeter close to 
the boarding gates (zone J in Figure 8). Additionally, in the 
centre of  the geometry leisure concessions are placed (zone I 
in Figure 8). 

Even though the present study is not analysing either the 
security check or the passport controls needs in detail, a 
succinct commentary will be included here. It can be noted 
that IATA formulae recommend 5 security check positions 
and 7 passport control desks Eq.(6) and Eq.(7). In order to 
satisfy modularity and accessibility, passport controls are 
placed at the entrance of  each boarding bridge (K1, K2, K3, 
K4 and K5 in Figure 8) and two additional mobile ones are 
defined in order to cover the possible necessities of  remote 
position departures. The security check is placed after the 
check-in counters, and it is given a wide queuing area in order 
to ensure accessibility. It also constitutes the main entrance to 
the departures lounge. 

 

 
Figure 8. Departures lounge. 

3.5 THE WHOLE SYSTEM 
The design of  each functional area has been detailed 

individually in the previous sections. The resultant system is 
presented here. Figure 9 shows the solution obtained.  

Two comments must be made about two main 
characteristics of  the design achieved. First, it is crucial to 
emphasize the importance of  accessibility as a functional 
requirement in the definition of  each functional area. Indeed, 
thanks to the presence of  such a functional requirement in the 
design matrix, the resultant design for the whole system is 
constituted by three main sub-systems optimally linked to 

each other. This characteristic is optimal from the perspective 
of  travellers who see their time in process and walking 
distances reduced. Second, the importance of  modularity as a 
constraint must be underlined. Modularity served to reject 
solutions not coherent with the specificity of  seasonal 
demand, and above all, was the main cause of  the symmetry 
of  the solution. In fact, the compliance of  modularity 
suggested that symmetrical shaped terminals can better adapt 
to fluctuating demands.  

 
Figure 9. Departures functional areas. 

4 CONCLUSION 
This paper shows how Axiomatic Design has been 

applied in order to obtain the optimal functional design of  an 
airport passenger terminal. It has been demonstrated that an 
appropriate selection of  functional requirements and 
constraints permit, with the guidelines of  the independence 
and information axioms, to shape and size the terminal that 
optimally responds to the identified needs of  the different 
interacting stakeholders.  

Indeed, Axiomatic Design allows the designer to face the 
design of  an airport passenger terminal from a global 
perspective without breaking the creative process and avoiding 
the loss of  crucial information between each step of  the 
design process. In other words, Axiomatic Design solves the 
dimensioning and the lay-out of  the terminal as a unique 
problem, obtaining the minimum set of  functional 
requirements that define the basic topology of  the Terminal 
building.  

Future research will consider the airport as a large and 
complex system, increasing the number of  stakeholders 
involved and implementing dynamic models of  passengers’ 
flows and air traffic demand with Axiomatic Design. 
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ABSTRACT 
This work proposes a new method to quantify the 

coupling in hybrid design matrices for traffic intersections by 
taking into account the presence of  coupling, the types of  
conflict that coupling may introduce, and the impact that the 
conflict may have on the intersection. The result is a single 
numerical value, called the coupling impact index, which can 
be used to select the safest intersection design for a given 
situation. This technique is demonstrated with a case study 
which calculates the coupling impact index for three traffic 
intersections based on two sets of  traffic conditions and 
suggests the best intersection for the anticipated traffic 
volumes provided.  

Keywords: Traffic Intersections, Coupling, Coupling Impact 
Index, Hybrid Design Matrix, Axiomatic Design 

1 INTRODUCTION 
An unregulated 4-way traffic intersection can be modeled 

as a system with 16 functional requirements (FRs) that permit 
travel to and from every direction and a corresponding set of  
16 design parameters (DPs) which represent sections of  the 
roadway [Thompson et al., 2009a]. At the center of  the 
intersection, each travel vector must share a portion of  the 
road with some or all of  the others. Thus, each FR is related 
to multiple DPs, resulting in a fully coupled design matrix. 
This coupling offers great potential for conflict between 
traffic streams, which in turn can reduce the safety and 
efficiency of  the intersection.  

Axiomatic Design (AD) Theory urges the designer to 
reduce the coupling in all systems in order to reduce the 
complexity and increase the probability of  success of  the 
design [Suh 2001]. Similarly, TRIZ requires the designer to 
seek out and eliminate physical and technical contradictions 
within the design [Altshuller, 2005]. Both can be accomplished 
by using traffic signals to introduce periodicity into the system 
and separate the traffic streams in time. However, this strategy 
increases the safety of  intersection at the cost of  efficiency.  

For systems with high throughput and vehicles travelling 
at high speeds, the use of  traffic signals to reduce the coupling 
in the system is not an option. In these cases, the traffic 
streams must be separated in space instead of  time. A number 
of  unregulated intersections and interchanges have been 
developed for this purpose, ranging from traditional rotaries 
and clover-leaf  interchanges to more complex grade-separated 

options like single point urban interchanges [Bonneson and 
Messer, 1989], and echelon interchanges [Shin et al., 2008]. 
However, which intersection to use at a given location is often 
unclear. 

This work proposes a new method to quantify the 
coupling in hybrid design matrices for traffic intersections by 
taking into account the presence of  coupling, the types of  
conflict that coupling may introduce, and the impact that the 
conflict may have on the intersection. The result is a single 
numerical value, called the coupling impact index, which can 
be used in the intersection or interchange selection process. 
This technique is demonstrated with a case study which 
calculates the coupling impact index for three traffic 
intersections based on two sets of  traffic conditions and 
suggests the safest intersection for the anticipated traffic 
volumes provided.  

2 PRIOR ART 
One of  the first attempts to quantify coupling in the 

design matrix came from Suh and Rinderle [1982] who 
defined coupling as the partial derivative of  each FR with 
respect to each DP. In order to estimate the degree of  
coupling in a design, Suh [1990] proposed calculating the 
"reangularity" R and the "semangularity" S of  the design 
matrix based on the angular relationship between the design 
matrix vectors for each DP. Bae et al. [2002] applied those 
measures to evaluate three types of  suspension systems. 
However, Cebi and Kahraman [2010] noted that "the 
calculation procedure of  R and S values is inconvenient when 
the number of  FRs and DPs increase." Instead, they proposed 
using fuzzy set theory to quantify the degree of  independence 
of  the design by calculating the "coupled ratio" and the 
"uncoupled ratio" based on the entries in the design matrix.  

Most of  the existing methods to quantify coupling in the 
design matrix rely on deriving mathematical relationships 
between the elements of  a quantitative design matrix. 
However, AD is equally (and perhaps more) useful for the 
design of  systems where a qualitative or binary design matrix 
is more appropriate or where a quantitative design matrix 
cannot be constructed. In these cases, another method to 
quantify the coupling in the design matrix is needed.  

3 METHODS 
In this work, the hybrid design matrix introduced by 

Thompson et al. [2009a, 2009b] is constructed for each 
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intersection of  interest. Each element in the hybrid design 
matrix is assigned a numerical value based on the severity of  
the conflict that it represents. A second numerical value is 
assigned based on the predicted frequency of  collisions 
caused by that conflict. The impact of  the coupling in that 
element is determined by multiplying these two values. Finally, 
the coupling impact index of  the entire matrix is calculated by 
summing the impact of  each element in the hybrid design 
matrix. 

Once the coupling impact index for each traffic 
intersection has been calculated, the values can be compared 
to determine which intersection is the most desirable both 
from the perspective of  the Independence Axiom and from 
traditional traffic conflict theory. The coupling impact index 
can then be used as part of  a formal concept selection process. 

3.1 CONSTRUCTING THE HYBRID DESIGN MATRIX 
The hybrid design matrix for traffic intersections 

combines elements of  Axiomatic Design Theory, TRIZ, and 
traditional traffic conflict techniques [Parker and Zegeer, 
1989]. The functional requirements (FRs) represent each 
travel vector, while the design parameters (DPs) represent the 
sections of  the roadway that connect each origin to its 
destination. Each element of  the hybrid design matrix is 
composed of  one or more symbols which denote the 
presence of  coupling and the type of  traffic conflict which 
may occur as a result of  that coupling. When multiple 
conflicts are present in a single location, multiple symbols are 
used in the design matrix.  

In this work, four different types of  vehicular conflicts 
[Rodegerdts et al., 2004] are included in the hybrid design 
matrix and a fifth symbol is added to those from the previous 
study. Crossing (angle) conflicts, which are generated by two 
through traffic streams, are indicated by a ●. Crossing (left-
turn) conflicts, which occur when one or both traffic streams 
are turning left, are indicated by an X. Merging conflicts are 
denoted by a square □ and diverging conflicts are denoted by 
a triangle △. A lack of  coupling and conflict in the design 
matrix is denoted by an O.  

In the event that two traffic streams have multiple 
opportunities to interact and collide, the symbols for each 
conflict encountered during travel are combined. For example, 
vehicles in a rotary may experience one merging conflict □, 
one diverging conflict △, one merging and one diverging 
conflict □△, or two merging and two diverging conflicts 2□△ 
during their trip around the circle [Thompson et al. 2009a].  

3.2 DEFINING THE IMPACT OF CONFLICT IN TRAFFIC 
INTERSECTIONS 

Coupling in AD can be thought of as the potential for 
conflict, and thus harm, in a design. There is no guarantee that 
changing one DP will interfere with the success of another FR. 
Whether or not harm occurs will depend on the relationships 
between the coupled FRs and DPs.  

Similarly, conflict in a traffic intersection can be thought 
of as the potential for harm (i.e. a traffic accident or collision) 
rather than the presence of harm itself. Amundsen and Hyden 
[1977] defined traffic conflict as “an observable situation in 
which two or more road users approach each other in space 
and time to such an extent that there is a risk of collision if 

their movements remained unchanged.” [Chin and Quek, 
1977] There is no guarantee that one vehicle will cause harm 
to another. Whether or not harm occurs depends on the 
conditions of the road, the conditions of the vehicles, and the 
actions of the drivers.  

As a result, we cannot simply measure the coupling in a 
given intersection. We must measure the impact that the 
coupling has or may have on the performance of the 
intersection. In this work, we will focus on the impact of 
coupling on the safety of the intersection and set aside 
considerations of efficiency for future work. 

Hauer [1982] proposed that system safety should be 
defined as "the expected number of accidents in each severity 
class" and that the number of accidents should be 
"proportional to the number of conflicts occurring" in a given 
system. Sayed and Zein [1998] confirmed this proportionality, 
reporting that a number of researchers including Spicer et al. 
[1979] and Salman and Al-Maita [1995] "investigated the 
relationship between traffic conflicts and volumes" and found 
that "the total number of traffic conflicts is proportional to 
the square root of the product of the conflicting volumes." 
This referred to by Sayed and Zein as the "product of entering 
vehicles" (PEV): 
 

                         5.0
21 ))V)(V((=PEV                          (1) 

 
where V1 and V2 represent the traffic volumes (vehicles/hour) 
of  two conflicting traffic streams. 

Based on Hauer's definition of safety, we can characterize 
the impact of coupling on the safety of any given intersection 
as the product of the PEV at each conflict point i multiplied 
by the severity of the potential collision caused by the 
presence of that traffic conflict point summed over all of the 
traffic conflict points in the intersection. 

 Coupling Impact Index =  PEV Severity  (2) 

Many factors contribute to the risk of injury and the 
ultimate severity of automotive collisions including the relative 
sizes and weights of the vehicles [Nordhoff, 2005], the design 
of the vehicles [Kockelman and Kweon, 2002], the type of 
collision, the location of the passengers in the car, the use of 
seatbelts [McGwin et al, 2003], the use of alcohol [Kockelman 
and Kweon, 2002], and the age [McGwin et al, 2003] and 
gender [Kockelman and Kweon, 2002] of the vehicle 
occupants.  

Although few severity models take all of  these factors 
into account, Nassar et al. [1994] proposed a comprehensive 
"disaggregate model for predicting the extent of  personal 
injury and death sustained in road accidents." Their model 
included a dynamic estimate of  the "impact forces generated 
in each accident based on principles of  momentum and 
kinetic energy" as well as active and passive risk factors such 
as driver conditions (normal or impaired), driver seating 
position, seat belt use, vehicle mass, and occupant age.  

This work uses the dynamic term for two vehicle 
accidents developed by Nassar et al. to estimate the severity of  
traffic conflict in the hybrid design matrix. The relation is 
given by:   
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where m and v represent the mass and velocity of  each vehicle, 
θ is the "angle of  orientation between each vehicle and the 
direction of  travel," and vf is the final velocity of  the fused 
mass of  the two cars. vf is estimated by assuming that the 
change in momentum ∆M is zero: 
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In this work, the first vehicle in any potential conflict is 

assumed to have an initial velocity of  50 km/hour. For 
crossing (angle) conflicts, the second vehicle is assumed to be 
travelling at the same velocity and the angle between the two 
vehicles is assumed to be 90˚. The velocities and vehicular 
angles for the other traffic conflicts were taken from Nassar et 
al. and are shown in table 1. Crossing (left-turn) conflicts are 
assumed to be equivalent to the turning conflicts in Nassar et 
al. Diverging conflicts are assumed to be equivalent to lane 
changes. All of  the vehicles in this work are assumed to have 
the same mass. 

Table 1. Velocity and angle for each conflict type. 

Conflict type Velocity (km/hour) Angle 
Crossing (Angle) v1 = 50, v2 = 50 90˚ 
Crossing (Left-Turn) v1 = 50, v2 = 12.5 0˚
Merging v1 = 50, v2 = 35 15˚ 
Diverging v1 = 50, v2 = 45 10˚ 

 
The severity is given by the change in kinetic energy 

(ΔKE) of  a collision caused by each conflict type and is 
calculated by equations (3) and (4). The severity is greatest in 
crossing (angle) conflicts, followed by crossing (left-turn), 
merging, and diverging conflicts (table 2). 

Table 2. Severity weights by conflict type. 
Conflict type Symbol ∆KE Severity
Crossing (Angle) ● 1250M 54.35
Crossing (Left-Turn) X 352M 15.30
Merging □ 86M 3.73
Diverging △ 23M 1 

 

3.3 CALCULATING THE COUPLING IMPACT INDEX 
The coupling impact index for the hybrid design matrix is 

calculated using equation (2). First, each symbol in the hybrid 
design matrix is replaced by the corresponding value shown in 
table 2. This represents the severity weighting for each type of  
conflict present in the intersection. The severity weighting in 
each cell is then multiplied by the product of  entering vehicles 
(equation 1) calculated based on the measured or anticipated 
traffic volume streams in each direction. Finally, the resulting 
products from the cells of  the hybrid design matrix are 
summed to yield a single numerical value which represents the 
risk associated with the traffic intersection. 

If  multiple conflicts are present in a given cell of  the 
hybrid design matrix, the sum of  the severity values for all of  
the symbols present is calculated before multiplying by the 
PEV. This is done for convenience since the sum of  each 
conflict/PEV product will be the same as the product of  the 
PEV and the sums of  the conflicts as long as the PEV value 
remains unchanged.    

4 CASE STUDY: IMPACT OF INTERSECTION 
GEOMETRY ON COUPLING IMPACT 
To demonstrate this technique, a small case study was 

conducted to compare three types of  intersection designs: a 
generic unregulated four-way intersection, a staggered 
unregulated four-way intersection, and a clover-leaf  
intersection.  Each intersection allows travel in 16 directions 
including u-turns. Traffic volumes (vehicles/hour) were 
randomly assigned to each traffic direction, assuming that the 
largest demand comes from through traffic, followed by left 
and right turn traffic, and then u-turn traffic (table 3). The 
same traffic volumes are used for all three intersections. 

Table 3. Traffic volumes (vehicles/hr) by direction. 
Traffic

direction 
Traffic
volume 

Traffic 
direction 

Traffic
volume 

N→N 20 E→S 180
N→S 200 E→N 110
N→W 100 E→W 500
N→E 100 E→E 20
W→W 20 S→W 80
W→E 300 S→E 60
W→S 160 S→N 100
W→N 110 S→S 20

 

4.1 ORIGINAL DESIGN: GENERIC UNREGULATED 4-
WAY INTERSECTION 

A generic unregulated 4-way intersection has 128 traffic 
conflict points: 48 diverging conflicts, 48 merging conflicts, 24 
crossing (left-turn) conflicts, and 8 crossing (angle) conflicts 
(table 4). The hybrid design matrix for this intersection is 
shown in figure 1. The severity matrix is shown in figure 2. 
And the coupling impact matrix with severity and traffic 
volumes is shown in figure 3. Summing the values in the 
matrix yields a coupling impact index of  182,433. 

Table 4. Number of  conflict points in case #1. 
Conflict type Symbol Count
Independent ○ 112
Diverging △ 48
Merging □ 48
Crossing (Left-Turn) X 24
Crossing (Angle) ● 8
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N→N W→N E→N S→N W→W N→W E→W S→W N→E W→E E→E S→E N→S W→S E→S S→S

N→N □ □ □ O △ O O △ O O O △ O O O

W→N □ □ □ △ O X X X △ O O X △ O O

E→N □ □ □ O O △ O O O △ O O O △ O

S→N □ □ □ O O ● △ X ● O △ O O X △

W→W O △ O O □ □ □ O △ O O O △ O O

N→W △ O O O □ □ □ △ O O O △ O O O

E→W O X △ ● □ □ □ X O △ O ● O △ O

S→W O X O △ □ □ □ O X O △ X O X △

N→E △ X O X O △ X O □ □ □ △ O X O

W→E O △ O ● △ O O X □ □ □ ● △ X O

E→E O O △ O O O △ O □ □ □ O O △ O

S→E O O O △ O O O △ □ □ □ O O O △

N→S △ X O O O △ ● X △ ● O O □ □ □

W→S O △ O O △ O O O O △ O O □ □ □

E→S O O △ X O O △ X X X △ O □ □ □

S→S O O O △ O O O △ O O O △ □ □ □

East Bound South Bound

North
Bound

West
Bound

East
Bound

South
Bound

North Bound West Bound

 
Figure 1. Hybrid design matrix of  the original 

intersection. 

 

N→N W→N E→N S→N N→W W→W E→W S→W N→E W→E E→E S→E N→S W→S E→S S→S

N→N 3.73 3.73 3.73 1 0 0 0 1 0 0 0 1 0 0 0

W→N 3.73 3.73 3.73 0 1 15.3 15.3 15.3 1 0 0 15.3 1 0 0

E→N 3.73 3.73 3.73 0 0 1 0 0 0 1 0 0 0 1 0

S→N 3.73 3.73 3.73 0 0 54.35 1 15.3 54.35 0 1 0 0 15.3 1

N→W 1 0 0 0 3.73 3.73 3.73 1 0 0 0 1 0 0 0

W→W 0 1 0 0 3.73 3.73 3.73 0 1 0 0 0 1 0 0

E→W 0 15.3 1 54.35 3.73 3.73 3.73 15.3 0 1 0 54.35 0 1 0

S→W 0 15.3 0 1 3.73 3.73 3.73 0 15.3 0 1 15.3 0 15.3 1

N→E 1 15.3 0 15.3 1 0 15.3 0 3.73 3.73 3.73 1 0 15.3 0

W→E 0 1 0 54.35 0 1 0 15.3 3.73 3.73 3.73 54.35 1 15.3 0

E→E 0 0 1 0 0 0 1 0 3.73 3.73 3.73 0 0 1 0

S→E 0 0 0 1 0 0 0 1 3.73 3.73 3.73 0 0 0 1

N→S 1 15.3 0 0 1 0 54.35 15.3 1 54.35 0 0 3.73 3.73 3.73

W→S 0 1 0 0 0 1 0 0 0 1 0 0 3.73 3.73 3.73

E→S 0 0 1 15.3 0 0 1 15.3 15.3 15.3 1 0 3.73 3.73 3.73

S→S 0 0 0 1 0 0 0 1 0 0 0 1 3.73 3.73 3.73

South Bound

North
Bound

West
Bound

East
Bound

South
Bound

North Bound West Bound East Bound

 
Figure 2. Severity matrix of  the original intersection. 

4.2 ALTERNATIVE #1: STAGGERED UNREGULATED 
4-WAY INTERSECTION 

The first alternative is formed by separating the north-
south cross street along the east-west road (figure 4). In this 
design, north-south through travel requires one left and one 
right turn.  

 

  
 

Figure 4. Schematic of  Staggered Intersection. 

Table 5 shows the number of  conflict points in 
alternative #1. Figure 5 shows the hybrid design matrix for 
alternative #1. And figure 6 shows the coupling impact matrix 
for alternative #1. The staggered intersection has a total of  
130 traffic conflicts: 48 diverging conflicts, 48 merging 
conflicts, 28 crossing (left-turn) conflicts, 4 merging/diverging 

conflicts and 2 double crossing (left-turn) conflicts. While the 
total number of  conflicts is slightly higher than the original 
design, it contains no crossing (angle) conflicts which pose the 
greatest threat to vehicles and their passengers. 

Table 5. Number of  conflict points in alternative #1. 
Conflict type Symbol Count
Independent O 110
Diverging △ 48 
Merging □ 48
Crossing (Left-Turn) X 28
Crossing (Angle) ● 0
Merging / Diverging □△ 4 
Double Crossing (Left-Turn) XX 2

 
The staggered intersection contains two types of  double 

conflicts: merging/diverging conflicts (□△) and double 
crossing (left-turn) conflicts (XX). As stated above, the 
severity for combined conflicts is calculated by summing the 
severity values for all of  the conflicts at that location before 
multiplying them by the PEV. For example, the severity of  the 
merging/diverging conflict is 4.73 (3.73 for the merging 
conflict plus 1 for the diverging conflict.) Similarly, the 
severity of  the double crossing (left-turn) conflict is 30.6 - 
twice of  the severity of  crossing (left-turn) conflict. Note that 
the severity of  the double conflicts is still less than the severity 
of  the crossing (angle) conflict.  

The coupling impact index for the staggered intersection 
is 103,183 compared to 182,433 in the original design. This is 
more than a 43% improvement.  
 

N→N W→N E→N S→N N→W W→W E→W S→W N→E W→E E→E S→E N→S W→S E→S S→S

N→N □ □ □ △ O O O △ O O O △ O O O

W→N □ □ □ O △ X X X △ O O X △ O O

E→N □ □ □ O O △ O O O △ O O O △ O

S→N □ □ □ O O □△ △ X X O △ O O X △

N→W △ O O O □ □ □ △ O O O △ O O O

W→W O △ O O □ □ □ O △ O O O △ O O

E→W O X △ □△ □ □ □ X O △ O X O △ O

S→W O X O △ □ □ □ XX X O △ X O X △

N→E △ X O X △ O X XX □ □ □ △ O X O

W→E O △ O X O △ O X □ □ □ □△ △ X O

E→E O O △ O O O △ O □ □ □ O O △ O

S→E O O O △ O O O △ □ □ □ O O O △

N→S △ X O O △ O X X △ □△ O O □ □ □

W→S O △ O O O △ O O O △ O O □ □ □

E→S O O △ X O O △ X X X △ O □ □ □

S→S O O O △ O O O △ O O O △ □ □ □

East
Bound

South
Bound

North Bound West Bound East Bound South Bound

North
Bound

West
Bound

 
Figure 5. Hybrid design matrix of  alternative #1. 

4.3 ALTERNATIVE #2: CLOVER LEAF INTERSECTION 
The second alternative uses grade separation of  vertically 

crossing roads and lateral separation of  turning traffic streams 
to create a clover leaf  intersection (figure 7). 
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Figure 7. Schematic of  Clover Leaf  Intersection. 

Table 6 shows the number of  conflict points in 
alternative #2. Figure 8 shows the hybrid design matrix for 
alternative #2. And figure 9 shows the coupling impact matrix 
for alternative #2. The clover leaf  intersection has a total of  
136 conflict points: 48 diverging conflicts, 48 merging 
conflicts, 36 merging/diverging conflicts and 4 double 
merging / diverging conflicts.  

Table 6. Number of  conflict points in alternative #2. 
Conflict type Symbol Count
Independent O 104
Diverging △ 48 
Merging □ 48
Crossing (Left-Turn) X 0
Crossing (Angle) ● 0
Merging / Diverging □△ 36 
Double Merging / Diverging 2□△ 4 

 

N→N W→N E→N S→N N→W W→W E→W S→W N→E W→E E→E S→E N→S W→S E→S S→S

N→N □ □ □ △ □△ O □△ △ □△ □△ O △ O □△ 2□△

W→N □ □ □ O △ O □△ □△ △ □△ O O △ O □△

E→N □ □ □ O O △ O O O △ O O O △ O

S→N □ □ □ O O O △ O O O △ O O O △

N→S △ O O O △ O O O △ O O O □ □ □

N→W △ O O O □ □ □ △ O O O △ O O O

W→W □△ △ O O □ □ □ □△ △ 2□△ O O △ □△ □△

E→W O O △ O □ □ □ O O △ O O O △ □△

S→W □△ □△ O △ □ □ □ O O □△ △ O O □△ △

N→E △ □△ O O △ □△ O O □ □ □ △ O □△ □△

W→E □△ △ O O O △ O O □ □ □ O △ O O

E→E □△ □△ △ O O 2□△ △ □△ □ □ □ O O △ □△

S→E O O O △ O O O △ □ □ □ O O O △

W→S O △ O O O △ O O O △ O O □ □ □

E→S □△ O △ O O □△ △ □△ □△ O △ O □ □ □

S→S 2□△ □△ O △ O □△ □△ △ □△ O □△ △ □ □ □

West
Bound

East
Bound

South
Bound

North Bound West Bound East Bound South Bound

North
Bound

 
Figure 8. Hybrid design matrix of  alternative #2. 

In this design, all crossing conflicts are completely 
removed. Although the total number of  conflicts is higher 
than for the original and staggered intersection, the coupling 
impact index for the clover leaf  intersection is 34,099.  This is 
a 67% improvement over the staggered intersection and an 
81% improvement over the original design. 

 

5 CASE STUDY: IMPACT OF INTERSECTION 
THROUGHPUT ON COUPLING IMPACT 

From the first part of  the case study, it is clear that the 
number of  conflict points in a given intersection is not as 
important as the relative impact of  the potential collisions that 
may result from that conflict. Thus, substituting higher 
severity conflict types with lower severity conflict types is a 
feasible strategy for improving intersection design. Similarly, 
reducing the severity of  the conflict in the most common 
directions of  travel will reduce the overall exposure of  the 
intersection and also increase its safety. 

However, this also means that the relative advantages of  
one design over another may change depending on traffic 
conditions. To examine how the coupling impact changes with 
respect to traffic volume, the same three intersections were 
analyzed using a different set of  traffic volumes (table 7). In 
the first part of  the case study, the highest traffic volumes 
were associated with through traffic. In the second part, we 
will consider the effects of  high volumes of  turns and u-turns 
and reduced through traffic. 

Repeating the analysis above with the new traffic volumes 
yields a coupling impact index value of  52,064 for the original 
design. The staggered intersection now has a coupling impact 
index value of  36,143 which is a 30.5% improvement. 
Similarly, the clover leaf  intersection now has a coupling 
impact index value of  36,535 which is a 30% improvement.  
Since both alternatives are equally good for a situation with 
lower traffic flows and more turns, other factors such as 
efficiency, cost, and the amount of  space required for each 
intersection become more important in selecting the best 
design alternative.  

Table 7. Variation of  traffic volume (vehicles/hour). 
Traffic

direction 
Traffic
volume 

Traffic 
direction 

Traffic
volume 

N→N 150 E→S 50
N→S 30 E→N 110
N→W 100 E→W 30
N→E 20 E→E 150
W→W 150 S→W 20
W→E 50 S→E 60
W→S 160 S→N 100
W→N 50 S→S 150

 
A summary of  the coupling impact index values for the 

three intersection designs and the two sets of  traffic 
throughput values discussed in this work and the percent 
differences between those values are given in tables 8 and 9. 

Table 8. Coupling impact index values based on 
intersection geometry and throughput. 

Traffic 
Volume 

Original 
design 

Alternative  
#1 

Alternative
#2 

Case 1
 (Table 3) 182,433 103,183 34,099 

Case 2 
(Table 7) 52,064 36,143 36,535 
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N→N W→N E→N S→N N→S N→W W→W E→W S→W N→E W→E E→E S→E W→S E→S S→S

N→N 1.75E+2 1.75E+2 1.67E+2 6.32E+1 4.47E+1 0.00E+0 0.00E+0 0.00E+0 4.47E+1 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0

W→N 1.75E+2 4.10E+2 3.91E+2 2.27E+3 0.00E+0 4.69E+1 3.59E+3 1.44E+3 1.60E+3 1.82E+2 0.00E+0 0.00E+0 1.33E+2 0.00E+0 0.00E+0

E→N 1.75E+2 4.10E+2 3.91E+2 0.00E+0 0.00E+0 0.00E+0 2.35E+2 0.00E+0 0.00E+0 0.00E+0 4.69E+1 0.00E+0 0.00E+0 1.41E+2 0.00E+0

S→N 1.67E+2 3.91E+2 3.91E+2 0.00E+0 0.00E+0 0.00E+0 1.22E+4 8.94E+1 1.53E+3 9.41E+3 0.00E+0 7.75E+1 0.00E+0 2.05E+3 4.47E+1

N→S 6.32E+1 2.27E+3 0.00E+0 0.00E+0 1.41E+2 0.00E+0 1.72E+4 1.94E+3 1.41E+2 1.33E+4 0.00E+0 0.00E+0 6.67E+2 7.08E+2 2.36E+2

N→W 4.47E+1 0.00E+0 0.00E+0 0.00E+0 1.41E+2 1.67E+2 8.34E+2 3.34E+2 1.00E+2 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0

W→W 0.00E+0 4.69E+1 0.00E+0 0.00E+0 0.00E+0 1.67E+2 3.73E+2 1.49E+2 0.00E+0 7.75E+1 0.00E+0 0.00E+0 5.66E+1 0.00E+0 0.00E+0

E→W 0.00E+0 3.59E+3 2.35E+2 1.22E+4 1.72E+4 8.34E+2 3.73E+2 7.46E+2 3.42E+3 0.00E+0 1.00E+2 0.00E+0 0.00E+0 3.00E+2 0.00E+0

S→W 0.00E+0 1.44E+3 0.00E+0 8.94E+1 1.94E+3 3.34E+2 1.49E+2 7.46E+2 0.00E+0 2.37E+3 0.00E+0 6.93E+1 0.00E+0 1.84E+3 4.00E+1

N→E 4.47E+1 1.60E+3 0.00E+0 1.53E+3 1.41E+2 1.00E+2 0.00E+0 3.42E+3 0.00E+0 6.46E+2 1.67E+2 2.89E+2 0.00E+0 2.05E+3 0.00E+0

W→E 0.00E+0 1.82E+2 0.00E+0 9.41E+3 1.33E+4 0.00E+0 7.75E+1 0.00E+0 2.37E+3 6.46E+2 2.89E+2 5.00E+2 2.19E+2 3.56E+3 0.00E+0

E→E 0.00E+0 0.00E+0 4.69E+1 0.00E+0 0.00E+0 0.00E+0 0.00E+0 1.00E+2 0.00E+0 1.67E+2 2.89E+2 1.29E+2 0.00E+0 6.00E+1 0.00E+0

S→E 0.00E+0 0.00E+0 0.00E+0 7.75E+1 0.00E+0 0.00E+0 0.00E+0 0.00E+0 6.93E+1 2.89E+2 5.00E+2 1.29E+2 0.00E+0 0.00E+0 3.46E+1

W→S 0.00E+0 1.33E+2 0.00E+0 0.00E+0 6.67E+2 0.00E+0 5.66E+1 0.00E+0 0.00E+0 0.00E+0 2.19E+2 0.00E+0 0.00E+0 6.33E+2 2.11E+2

E→S 0.00E+0 0.00E+0 1.41E+2 2.05E+3 7.08E+2 0.00E+0 0.00E+0 3.00E+2 1.84E+3 2.05E+3 3.56E+3 6.00E+1 0.00E+0 6.33E+2 2.24E+2

S→S 0.00E+0 0.00E+0 0.00E+0 4.47E+1 2.36E+2 0.00E+0 0.00E+0 0.00E+0 4.00E+1 0.00E+0 0.00E+0 0.00E+0 3.46E+1 2.11E+2 2.24E+2

North Bound West Bound East Bound South Bound

North
Bound

West
Bound
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Bound
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Bound

 
Figure 3. Coupling impact matrix of  the original intersection. 

 

N→N W→N E→N S→N N→W W→W E→W S→W N→E W→E E→E S→E N→S W→S E→S S→S

N→N 1.75E+2 1.75E+2 1.67E+2 4.47E+1 0.00E+0 0.00E+0 0.00E+0 4.47E+1 0.00E+0 0.00E+0 0.00E+0 6.32E+1 0.00E+0 0.00E+0 0.00E+0

W→N 1.75E+2 4.10E+2 3.91E+2 0.00E+0 4.69E+1 3.59E+3 1.44E+3 1.60E+3 1.82E+2 0.00E+0 0.00E+0 2.27E+3 1.33E+2 0.00E+0 0.00E+0

E→N 1.75E+2 4.10E+2 3.91E+2 0.00E+0 0.00E+0 2.35E+2 0.00E+0 0.00E+0 0.00E+0 4.69E+1 0.00E+0 0.00E+0 0.00E+0 1.41E+2 0.00E+0

S→N 1.67E+2 3.91E+2 3.91E+2 0.00E+0 0.00E+0 1.06E+3 8.94E+1 1.53E+3 2.65E+3 0.00E+0 7.75E+1 0.00E+0 0.00E+0 2.05E+3 4.47E+1

N→W 4.47E+1 0.00E+0 0.00E+0 0.00E+0 1.67E+2 8.34E+2 3.34E+2 1.00E+2 0.00E+0 0.00E+0 0.00E+0 1.41E+2 0.00E+0 0.00E+0 0.00E+0

W→W 0.00E+0 4.69E+1 0.00E+0 0.00E+0 1.67E+2 3.73E+2 1.49E+2 0.00E+0 7.75E+1 0.00E+0 0.00E+0 0.00E+0 5.66E+1 0.00E+0 0.00E+0

E→W 0.00E+0 3.59E+3 2.35E+2 1.06E+3 8.34E+2 3.73E+2 7.46E+2 3.42E+3 0.00E+0 1.00E+2 0.00E+0 4.84E+3 0.00E+0 3.00E+2 0.00E+0

S→W 0.00E+0 1.44E+3 0.00E+0 8.94E+1 3.34E+2 1.49E+2 7.46E+2 2.74E+3 2.37E+3 0.00E+0 6.93E+1 1.94E+3 0.00E+0 1.84E+3 4.00E+1

N→E 4.47E+1 1.60E+3 0.00E+0 1.53E+3 1.00E+2 0.00E+0 3.42E+3 2.74E+3 6.46E+2 1.67E+2 2.89E+2 1.41E+2 0.00E+0 2.05E+3 0.00E+0

W→E 0.00E+0 1.82E+2 0.00E+0 2.65E+3 0.00E+0 7.75E+1 0.00E+0 2.37E+3 6.46E+2 2.89E+2 5.00E+2 1.16E+3 2.19E+2 3.56E+3 0.00E+0

E→E 0.00E+0 0.00E+0 4.69E+1 0.00E+0 0.00E+0 0.00E+0 1.00E+2 0.00E+0 1.67E+2 2.89E+2 1.29E+2 0.00E+0 0.00E+0 6.00E+1 0.00E+0

S→E 0.00E+0 0.00E+0 0.00E+0 7.75E+1 0.00E+0 0.00E+0 0.00E+0 6.93E+1 2.89E+2 5.00E+2 1.29E+2 0.00E+0 0.00E+0 0.00E+0 3.46E+1

N→S 6.32E+1 2.27E+3 0.00E+0 0.00E+0 1.41E+2 0.00E+0 4.84E+3 1.94E+3 1.41E+2 1.16E+3 0.00E+0 0.00E+0 6.67E+2 7.08E+2 2.36E+2

W→S 0.00E+0 1.33E+2 0.00E+0 0.00E+0 0.00E+0 5.66E+1 0.00E+0 0.00E+0 0.00E+0 2.19E+2 0.00E+0 0.00E+0 6.67E+2 6.33E+2 2.11E+2

E→S 0.00E+0 0.00E+0 1.41E+2 2.05E+3 0.00E+0 0.00E+0 3.00E+2 1.84E+3 2.05E+3 3.56E+3 6.00E+1 0.00E+0 7.08E+2 6.33E+2 2.24E+2

S→S 0.00E+0 0.00E+0 0.00E+0 4.47E+1 0.00E+0 0.00E+0 0.00E+0 4.00E+1 0.00E+0 0.00E+0 0.00E+0 3.46E+1 2.36E+2 2.11E+2 2.24E+2

North Bound West Bound East Bound South Bound

East
Bound

South
Bound

North
Bound
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Bound

  
Figure 6. Coupling impact matrix of  alternative #1. 
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N→N W→N E→N S→N N→W W→W E→W S→W N→E W→E E→E S→E N→S W→S E→S S→S

N→N 1.75E+2 1.75E+2 1.67E+2 4.47E+1 9.46E+1 0.00E+0 1.89E+2 4.47E+1 3.66E+2 9.46E+1 0.00E+0 6.32E+1 0.00E+0 2.84E+2 1.89E+2

W→N 1.75E+2 4.10E+2 3.91E+2 0.00E+0 4.69E+1 0.00E+0 4.44E+2 4.96E+2 1.82E+2 2.22E+2 0.00E+0 0.00E+0 1.33E+2 0.00E+0 2.22E+2

E→N 1.75E+2 4.10E+2 3.91E+2 0.00E+0 0.00E+0 2.35E+2 0.00E+0 0.00E+0 0.00E+0 4.69E+1 0.00E+0 0.00E+0 0.00E+0 1.41E+2 0.00E+0

S→N 1.67E+2 3.91E+2 3.91E+2 0.00E+0 0.00E+0 0.00E+0 8.94E+1 0.00E+0 0.00E+0 0.00E+0 7.75E+1 0.00E+0 0.00E+0 0.00E+0 4.47E+1

N→W 4.47E+1 0.00E+0 0.00E+0 0.00E+0 1.67E+2 8.34E+2 3.34E+2 1.00E+2 0.00E+0 0.00E+0 0.00E+0 1.41E+2 0.00E+0 0.00E+0 0.00E+0

W→W 9.46E+1 4.69E+1 0.00E+0 0.00E+0 1.67E+2 3.73E+2 1.49E+2 2.12E+2 7.75E+1 1.89E+2 0.00E+0 0.00E+0 5.66E+1 2.84E+2 9.46E+1

E→W 0.00E+0 0.00E+0 2.35E+2 0.00E+0 8.34E+2 3.73E+2 7.46E+2 0.00E+0 0.00E+0 1.00E+2 0.00E+0 0.00E+0 0.00E+0 3.00E+2 4.73E+2

S→W 1.89E+2 4.44E+2 0.00E+0 8.94E+1 3.34E+2 1.49E+2 7.46E+2 0.00E+0 0.00E+0 1.89E+2 6.93E+1 0.00E+0 0.00E+0 5.68E+2 4.00E+1

N→E 4.47E+1 4.96E+2 0.00E+0 0.00E+0 1.00E+2 2.12E+2 0.00E+0 0.00E+0 6.46E+2 1.67E+2 2.89E+2 1.41E+2 0.00E+0 6.35E+2 2.12E+2

W→E 3.66E+2 1.82E+2 0.00E+0 0.00E+0 0.00E+0 7.75E+1 0.00E+0 0.00E+0 6.46E+2 2.89E+2 5.00E+2 0.00E+0 2.19E+2 0.00E+0 0.00E+0

E→E 9.46E+1 2.22E+2 4.69E+1 0.00E+0 0.00E+0 1.89E+2 1.00E+2 1.89E+2 1.67E+2 2.89E+2 1.29E+2 0.00E+0 0.00E+0 6.00E+1 9.46E+1

S→E 0.00E+0 0.00E+0 0.00E+0 7.75E+1 0.00E+0 0.00E+0 0.00E+0 6.93E+1 2.89E+2 5.00E+2 1.29E+2 0.00E+0 0.00E+0 0.00E+0 3.46E+1

N→E 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0 0.00E+0

W→S 0.00E+0 1.33E+2 0.00E+0 0.00E+0 0.00E+0 5.66E+1 0.00E+0 0.00E+0 0.00E+0 2.19E+2 0.00E+0 0.00E+0 6.67E+2 6.33E+2 2.11E+2

E→S 2.84E+2 0.00E+0 1.41E+2 0.00E+0 0.00E+0 2.84E+2 3.00E+2 5.68E+2 6.35E+2 0.00E+0 6.00E+1 0.00E+0 7.08E+2 6.33E+2 2.24E+2

S→S 1.89E+2 2.22E+2 0.00E+0 4.47E+1 0.00E+0 9.46E+1 4.73E+2 4.00E+1 2.12E+2 0.00E+0 9.46E+1 3.46E+1 2.36E+2 2.11E+2 2.24E+2

West
Bound

East
Bound

South
Bound

North Bound West Bound East Bound South Bound

North
Bound

  
Figure 9. Coupling impact matrix of  alternative #2. 

 

Table 9. Change of  coupling impact index values (%) 
based on intersection geometry and throughput. 

Traffic 
Volume 

Original 
design 

Alternative 
#1 

Alternative
#2 

Case 1 
 (Table 3) - - 43% - 81% 

Case 2  
(Table 7) - - 30.5% - 30% 

 

6 CONCLUSIONS 
This work proposes a new concept selection method for 

traffic intersections by calculating the coupling impact index 
using the hybrid matrix developed by Thompson et al. The 
impact of  coupling in intersection designs was defined as the 
severity of  the conflict for each conflict point i multiplied by 
the product of  the entering traffic volume streams that cross 
that point summed over the entire hybrid design matrix. It was 
shown that intersection geometry and intersection demand 
can have a major impact on the coupling impact index and 
that simply summing the number of  conflicts in the hybrid 
design matrix would not produce the same results. The 
coupling impact index has two advantages. First, it assists the 
decision making in selecting the safest intersection design 
which isn’t fully covered by traffic simulation only. Second, it 
is an intuitive method that allows the designer to explore all 
of  the issues associated with the intersection’s behaviour 
without being overwhelmed by the complex output of  a 
simulation. It has two disadvantages. First, it doesn’t consider 
the non-linear relationship of  severity and risk of  conflict by 
taking numerical approach. Second, the severity can be 
underestimated by taking the average value instead of  

maximum value for the purpose of  simplicity. These 
limitations will be addressed in future work. 
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ABSTRACT 
Innovation is recognized as a key factor for increasing 

productivity of  existing companies and is a major driver for 
the development of  new businesses offering high added-value 
products and services. The authors of  this paper believe that 
new ventures based on innovative ideas have more chance of  
succeeding in obtaining financing when carefully designed to 
meet investors’ needs. The objective of  this paper is to 
propose a platform for the design of  new businesses oriented 
for venture capital fund raising. Axiomatic Design (AD) was 
found to be very useful in approaching the financial issues of  
innovation. The design of  this platform was based on three 
sources: the principles of  AD, empirical knowledge from the 
venture capital practise, and the literature concerning to the 
matter, where the independence of  factors does not appear as 
a question and the financing has not considered as a 
functional requirement since the outset. The platform is being 
tested in real world cases, and the results attained so far could 
be described as promising. However, one should notice that 
the use of  this platform is not a sufficient condition for a 
successful venture capital fund raising project. 

Keywords: venture capital, business models design, axiomatic 
design, innovation. 

1 INTRODUCTION 
Developed economies need to constantly increase their 

productivity if  they want to grow in an increasingly 
competitive and global economy.  

Innovation is recognized as a key factor for increasing the 
productivity of  existing companies and is a major driver for 
the development of  new businesses offering high added value 
products and services. 

One of  the steps of  the “Innovation Continuum” [Suh, 
2009] is the financing of  new ventures. Early stage financing 
provided to “research, assess and develop an initial concept” 
(seed financing) and to set up a company and launch its 
products in the market (start-up financing), is a high-risk 
endeavour with limited collateral. Thus, this practice is hardly 
compatible with bank financing. 

In these early-stages, external funding is generally 
provided by wealthy individuals (friends and relatives, business 
angels, etc.), by venture capitalists or, eventually, by larger 
companies.  

Around 75% of  European entrepreneurs think that it is 
difficult to start their own business due to a lack of  available 
financial support [EVCA, 2007]. Despite the fact that venture 
capital is an increasingly important source of  financing for 
new innovative companies, market estimations indicate that 
only one new venture out of  twenty business plans presented 
to financial investors is financed. 

The authors of  this paper believe that new ventures 
based on innovative ideas have more chance of  succeeding in 
obtaining financing when carefully designed to meet investors’ 
needs. The objective of  this paper is to propose a platform 
for the design of  new businesses that are oriented for venture 
capital fund raising. 

The design of  this platform was based on three sources: 
first, the principles of  the Axiomatic Design (AD) [Suh, 
1990]; second, empirical knowledge from the venture capital 
practise, and the literature concerning to the matter, where the 
independence of  factors does not appear as a question and 
the financing has not considered as a functional requirement 
since the outset. 
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2 THE PERSPECTIVE OF THE VENTURE 
CAPITAL INVESTOR 

Venture capitalists are a special type of  investors that 
finance high risk early-stage ventures in exchange for a 
potential high investment return. The relevant characteristics 
of  venture capitalists are: 
• Finance the development of  businesses in exchange for 

shares of  the new company, having consequently the same 
rights and obligations as the entrepreneurs, specifically 
with regard to sharing risks and distribution of  profits; 

• Have a strong concern in the development and value cre-
ation of  the businesses; 

• Are temporary investors that need to exit from invest-
ments (to sell their shares) after a certain period (usually 3 
to 7 years); 

• Look for the best exit conditions, since the selling price of  
their shares strongly impacts the Return on Investment 
(ROI). 
Figure 1 summarizes financial the investors’ perspective. 
Venture capitalists search for business with a high growth 

profile, managed by entrepreneurs capable of  delivering that 
growth, and with a consistent exiting strategy. 

Even if  each investor has its own preferences and criteria, 
venture capitalists will hardly invest in a business that does not 
meet the following characteristics: 
• Has a business model easy to understand; 
• Brings clear benefits for its customers; 
• Has distinctive features and strategic competitive advanta-

ges; 
• Has strong market entry barriers for competition; 
• Is oriented to a large market and/or one with high growth 

potential; 
• Is promoted by a strong team of  experienced, skilled, 

motivated and credible entrepreneurs, with appropriate 
financial involvement in the company; 

• Has a balanced risk/return investment; 
• Allows for a credible exit strategy. 

 

Sale of the equity stake 
at a higher price

€

Business
Launching

Capital increase subscribed
by Financial Investors

y €

Exit of
Financial Investors

n times y €

€

t

Business
Development

Business
value-creation

Entrepreneurs

Equity 
Investment

Z% + Z%

 
Figure 1. The financial investor’s perspective. 

3 USUAL APPROACHES: PROS AND CONS 
Much literature concerning the design, the implementa-

tion and the financing of  new businesses has been published. 

This literature can be classified according to three main ap-
proaches: 

• Business models; 
• Business plan preparation; 
• Analysis of  business opportunities. 
Even if  there is not a clear consensus about the business 

model concept, these approaches are essentially oriented to 
entrepreneurs, guiding them in dealing with strategic business 
issues and in describing how the new venture will make 
money out of  its underlying innovative idea. The business 
model addresses issues like the market trends and needs, the 
development of  the innovative idea in order to meet those 
needs (competitive position) and the implementation of  the 
business (resources to be allocated) [Verstraete, 2007]. 
However, this approach seldom considers the investors’ 
requirements as a central issue in the design of  the business 
model. 

The business plan approach is focused on guiding 
entrepreneurs presenting their ideas and business proposals to 
potential investors. The business plan is an important 
communication document that describes the business model, 
its products and services, the target markets, the marketing 
strategy, the team skills and experience, economic forecasts 
and investment and financing needs [Abrams, 2003]. However, 
if  the new business was not previously designed to meet the 
investors’ requirements, the preparation of  the business plan 
will not fulfil that need. 

Finally, the literature focused on the analysis of  business 
opportunities is normally oriented to investors, guiding them 
on the analysis of  entrepreneur’s business proposals. This 
approach focuses its attention on the analysis of  the business 
opportunity, on the key aspects of  the structure of  the 
investment deal and on the qualifications of  the entrepreneurs 
[Sahlman, 1996 and Amis, 2001 (p.77)]. Even if  this approach 
does not provide much guidance to entrepreneurs in their 
business implementation, it provides a very useful insight 
about the perspectives of  financial investors.  

The authors consider that a well conceived business 
model and a properly prepared and presented business plan is 
very important for raising venture capital but that might not 
be enough. When entrepreneurs do not have access to 
alternative sources of  financing, venture capital investors 
become “client number one”.  

Therefore, the new business has to be design in order to 
satisfy the needs of  this “key client”. Additionally, the 
simplification of  the design process allows entrepreneurs to 
save valuable resources and time. 

4 DESIGN OF A PLATFORM FOR NEW 
BUSINESS BASED ON AD 

4.1 SYSTEM LEVEL GOAL 
There are known cases where AD has been used as a tool 

for the design of  technology strategies, business plans and 
organizations [Engelhardt, 2000 and Martin, 2001]. As is usual 
in these cases, the FRs are renamed “Goals” and the DPs 
become “Strategies” as a means to transform AD into a tool 
for designing businesses for raising venture capital. 

The design of  a new business with more chance of  
raising venture capital financing (Goal0) can be achieved by 
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designing a business that fits the perspectives of  financial 
investors (Strategy0), which are decomposed into three goals 
and respective strategies (see figure 2). 

 

 
 

Figure 2. The structure of  the design at the system level.  

The three design goals at the first level (figure 2) are: 
• Goal1 - Maximize return for investors; 
• Goal2 - Maximize the capabilities of  business imple-

mentation and management; 
• Goal3 - Anticipate and minimize business and con-

text key risks. 
The corresponding strategies are the following: 
• Strategy1 - Strategic management focused on value 

creation for investors; 
• Strategy2 - Partnerships' development and team con-

solidation; 
• Strategy3 - Information validation and confirmation 

of  business model main assumptions. 
These goals and strategies generate the first level design 

matrix, which is decoupled. 
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Figure 3. Design matrix for level 1.  

The strategies must be implemented in a precise sequence 
in order to satisfy the independence axiom. This means that, 
when designing a new business, the first goal to achieve 
(Goal1) must be the maximization of  the return of  the 
venture capitalists’ investment. If  the potential investors do 
not perceive a good potential for high returns, they will not 
finance the new venture. Therefore, the entrepreneurs need to 
demonstrate the growth potential of  the new business and 
must implement a strategy focused on creating value for the 
investors (Strategy1). 

The investors will also need to feel comfortable that the 
entrepreneurs have the ability to successfully implement and 
manage the new venture. This goal (Goal2) can be achieved by 
implementing a strategy oriented to the development of  

partnerships, and to the consolidation of  the entrepreneur 
and management teams (Strategy2). 

Since experience shows that new businesses tend to 
suffer significant deviations from the initial plans, the inves-
tors will want to evaluate the risks associated with the new 
venture. Before deciding to invest, venture capitalists will want 
to confirm if  the entrepreneurs have a good understanding of  
the business and of  its context, and if  they have designed a 
business that is flexible enough to allow for adjustments to 
deviations from the initial plan. Therefore, the entrepreneurs 
need to demonstrate that they have anticipated and minimized 
the impact of  potential risks in the business (Goal3) by 
validating information and by confirming the business model’s 
main assumptions (Strategy3).  

4.2 GOAL 1: MAXIMIZE RETURN FOR INVESTORS 
Goal1 (maximisation of  return for investors) can be de-

composed into the following second level goals: 
• Goal1.1 – Provide business value creation; 
• Goal1.2 – Optimize the deal structure. 
The related strategies can be described as follows: 
• Strategy1.1 - Business model focused on shareholders’ 

value creation;  
• Strategy1.2 - Alignment of  interests between entre-

preneurs and investors. 
The design matrix for this level is diagonal, which means 

that goals and strategies can be treated independently (see 
Goal 1 Level 2 Matrix in figure 4). 

Even if  the potential value creation of  the new business 
is of  fundamental importance for investors, it is not sufficient 
to ensure a good return of  their investment. The structure of  
the deal, i.e., the terms of  the agreement between investors 
and entrepreneurs regarding to the investment and future 
divestment, is also crucial. The best deal structures are those 
where the interests of  both parties are aligned. This is a strong 
guarantee that entrepreneurs, as managers of  the new venture, 
will naturally act in the defence of  the investors’ best interests. 

The decomposition of  Goal1.1 into a lower level can be 
presented as follows: 

• Goal1.1.1 - Maximize strategic value for potential fu-
ture acquirers; 

• Goal1.1.2 - High growth potential; 
• Goal1.1.3 - Optimization of  capital expenditure; 
• Goal1.1.4 - Strict operational costs management. 
To reach these goals, the following strategies must be 

implemented: 
• Strategy1.1.1 - Strategy for creating and protecting 

value and attractiveness of  the business; 
• Strategy1.1.2 - Strategy to gain scale in the market / 

niche; 
• Strategy1.1.3 - Minimize total investment / sales ratio; 
• Strategy1.1.4 - Minimize operational costs / sales ratio. 
The corresponding third level matrix for Goal1.1 is trian-

gular (see Goal 1.1 Level 3 Matrix in Figure 4). Therefore, the 
implementation of  corresponding strategies must respect this 
exact sequence. 

The design of  a business model focused on shareholders’ 
value creation (Goal1.1.1) must take into consideration that the 
return of  the venture capitalists’ investment largely depends 
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on the success of  their exit from the business, i.e. from the 
price they get paid when they sell their stake in the business.  

Although the listing of  the new businesses in the Stock 
Exchange (IPO) is often referred as the investors’ natural exit 
route, the fraction of  exits through IPO’s in Europe and in 
most parts of  the world is low. That is why most of  venture 
capitalists see their normal exit through a trade sale to a stra-
tegic buyer, i.e., the sale to a larger industrial player.  

The strategic aspects that a potential buyer tends to ev-
aluate in the business are [Scott, 2007 (p. 92) and Timmons, 
2004 (p. 28)]: 

• The market/niche/segment positioning, i.e., the 
quality of  its clients portfolio and/or its market 
share;  

• The growth potential; 
• The proprietary assets (patents, licenses, proprietary 

technologies, exclusive contracts, brands or 
trademarks); 

• The profitability. 
Entrepreneurs must put a lot of  effort into implementing 

a strategy focused on creating and protecting value and on 
increasing the attractiveness of  the business to the potential 
industrial buyers (Strategy1.1.1). This is a key moment where 
investors will want to see their interests aligned with 
entrepreneurs. 

Another important attribute for business attractiveness is 
size. A new business with high growth potential is more 
attractive for investors (Goal1.1.2). Size can also be seen in 
relative terms. A new venture with potential to capture an 
important share of  a niche market may also be very attractive 
for financial investors due to its strategic value for future 
buyers [Fisher, 2008]. 

Venture capitalists tend to be very strict concerning 
capital expenditure (Goal1.1.3). However, it is not the absolute 
investment amount that is really the question. Ambitious 
projects may require higher financial resources in order to 
obtain larger revenues and profits, and what investors are 
looking for is to increase their return on investment. There-
fore, they wish to achieve the maximum results with the 
minimum possible amount of  investment, which should be 
deployed as late as possible along the investment period. 

Entrepreneurs must design their business in order to 
minimize the ratio total investment/sales, i.e. the minimum 
capital required for the targeted business dimension 
(Strategy1.1.3).  

Finally, profitability is very important in the valuation of  
a business. Entrepreneurs must try to design businesses that 
are able to be top tier in terms of  profitability (Strategy1.1.4). 

The alignment of  interests between entrepreneurs and 
investors (Strategy1.2) should be the core principle that leads to 
the achievement of  Goal1.2, i.e. an optimized deal structure. 

Frequently, entrepreneurs and venture capitalists have 
different perspectives about their respective roles in the new 
venture. Issues like business initial valuation, entrepreneurs’ 
compensation (salaries, bonuses, etc.) and the liquidity of  
venture capitalists’ investment must be discussed in advance. 

When designing a new business, entrepreneurs should 
have in mind the investors’ fundamental interests, and should 
try to align their own interests with them. 

The third level of  decomposition of  Goal1 comprises the 
following goals: 

• Goal1.2.1 - Entry price aligned with the investors ex-
pected return; 

• Goal1.2.2 - Entrepreneurs compensation linked to 
business objectives and results; 

• Goal1.2.3-Investment liquidity. 
To reach these goals, the following strategies must be 

implemented: 
• Strategy1.2.1 - Moderate initial valuation aligned with 

risk/investment return ratio; 
• Strategy1.2.2 - Implementation of  remuneration and 

incentives schemes for the entrepreneurs; 
• Strategy1.2.3 - Structure liquidity clauses in deal agree-

ments. 
The corresponding design matrix is diagonal (see Goal 

1.2 Level 3 Matrix in Figure 4). 
When negotiating the entry price (Goal1.2.1) i.e., the 

valuation of  the business that determines how much 
percentage of  the company investors will get for the required 
investment amount, entrepreneur will try to minimize their 
own cash contribution by evaluating their innovative ideas and 
their previous work on the project.  

Entrepreneurs must be prepared to accept a moderate 
valuation of  their new business, aligned with a reasonable 
investment return rate for investors (Strategy1.2.1). 

The same effort on aligning interests has to be done 
when discussing entrepreneurs’ compensation. Entrepreneurs’ 
motivation is very important to the success of  the new 
business, and investors are well aware of  that. However, 
investors will clearly prefer to have an important part of  the 
compensation linked to well-defined achievements and results 
(Strategy1.2.2). 

Finally, the negotiation regarding investors’ exit (Goal1.2.3) 
is often a difficult part of  the deal agreement. As mentioned 
above, strategic buyers are the natural buyers of  venture 
capitalists’ investments. However, as strategic buyers are 
normally keen to get control of  the businesses and venture 
capitalists often have minority stakes, investors tend to impose 
strong liquidity clauses to entrepreneurs. This means that 
investors want entrepreneurs to be aligned with their exit 
strategy (Strategy1.2.3). Ultimately, entrepreneurs must agree to 
sell simultaneously with the strategic buyer a part or the 
totality of  their own shares if  the strategic buyer demands a 
controlling stake or even 100% of  business. 

4.3 GOAL 2: MAXIMIZE CAPABILITIES OF BUSINESS 
IMPLEMENTATION AND MANAGEMENT 

Once the business is designed, it will be possible for 
entrepreneurs to focus their attention on improving the 
capabilities of  implementation and on management of  the 
business (Goal2) 

Many new ventures fail not because the initial idea was 
not good enough, but because the entrepreneurs were not 
able to implement it and/or to manage it properly. That is 
why the investors pay so much attention to the 
implementation capabilities of  the new venture. 

Goal2 consists of  maximizing the capabilities of  the 
implementation and management of  the business through the 
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implementation of  strategic partnerships and through the 
team consolidation (Strategy2). 

The second level decomposition of  Goal2 is divided in 
two goals: 

• Goal2.1 -Establish partnerships; 
• Goal2.2 - Build-up an experienced and skilled team. 
The matching strategies are: 
• Strategy2.1 - Define and implement a partnership 

strategy; 
• Strategy2.2 - Team build-up strategy. 
Notice that this design matrix is uncoupled and the 

definition and implementation of  partnerships (Strategy2.1) 
can be done independent of  the build-up of  the 
entrepreneur’s team and of  the management team (Strategy2.2). 

New ventures are fragile and their path to success is full 
of  obstacles and difficulties. Even the most experienced en-
trepreneurs do not always succeed. Therefore, entrepreneurs 
should look for all of  the external support that they can get. 
That is why the establishment of  partnerships (Goal2.1) is so 
important and is well perceived by investors. 

The third level objectives of  Goal2 are the following: 
• Goal2.1.1 - Get permanent external advice/mentoring 

sources; 
• Goal2.1.2 - Establish strategic partnerships with key 

stakeholders. 
The corresponding strategies are: 
• Strategy2.1.1 - Search for experienced and renouned 

mentors; 
• Strategy2.1.2 - Early involvement of  key stakeholders. 
The corresponding design matrix is diagonal (see Goal 

2.1 Level 3 Matrix in Figure 4). 
Entrepreneurs should seek permanent external advice 

and mentoring from experienced and well-reputed personali-
ties, such as senior managers, skilled businessmen or university 
professors [Drucker, 1985] who sponsor promising 
entrepreneurs, innovative ideas and new ventures by providing 
strategic advice, networking, etc. (Goal2.1.1). 

Most of  the times, mentors are neither active in the same 
business sector, nor involved in the day-to-day business of  the 
new venture, and have no material interest in the new business. 
Venture capitalists perceive the involvement of  highly 
qualified mentors as a positive influence, since this is a good 
indication of  the entrepreneur’s honesty and credibility. For 
entrepreneurs, venture capitalists do not replace mentors. 
Even if  venture capitalists can bring credibility and valuable 
support to the new business, venture capitalists have a 
material interest in the business and frequently have 
conflicting interests. 

Another issue that deserves careful thought by the 
entrepreneurs is the involvement of  key stakeholders in the 
development of  the new venture (Goal2.1.2). Depending on the 
characteristics of  the business and the way that the business 
model was conceived, it might be very useful to get the 
involvement of  a potential major client, a critical distributor 
or a key supplier. These partnerships should reduce the degree 
of  uncertainty in key areas of  the new business, particularly in 
its fragile early years [Amis, 2001 (p. 89)]. Usually, these 
partnerships are well perceived by investors, except if  the new 

business becomes too dependent on another company, reduc-
ing the chance of  a successful exit through a trade sale. 

Investors prefer to finance businesses promoted by a 
team of  talented and experienced entrepreneurs rather than 
by ventures too dependent on a single person. In addition, 
since no business will be able to grow substantially without 
the development of  a management team, the entrepreneur’s 
team of  must be able to attract new talent when necessary. 

Goal2.2 (Build-up an experimented and skilled team) is 
decomposed in two third level goals: 

• Goal2.2.1 - Strong and talented entrepreneur's team; 
• Goal2.2.2 - Create conditions for the development of  

a management team. 
With the corresponding strategies: 
• Strategy2.2.1 - Consolidate entrepreneurs' team; 
• Strategy2.2.2 - Build-up management team strategy. 
The related design matrix is triangular, implying that the 

strategies must be implemented in an exact order (see Goal 
2.2 Level 3 Matrix in Figure 4). 

The investors usually prefer to invest in businesses that 
are not too dependent on a single person, but that are pro-
moted by a (small) team of  deeply engaged entrepreneurs, 
preferably with previous experience of  working together and 
with complementary skills (sales, operations, finance) 
[Timmons, 2004 (p. 189)].  

Goal2.2.1 consists of  the consolidation of  the entrepre-
neur’s team. Initial investor(s) may realise, once Goal1 is 
achieved, that they should invite a limited number of  new 
partners to help him (them) to implement and develop the 
business. Investors see the existence of  a strong entrepreneur 
team [Vesper, 1990 (p. 27)] as a way to: 

• Reduce the risk of  the dependence of  the business 
from a single person; 

• Increase the capacity for business implementation 
and development; 

• Demonstrate that the new idea is credible enough to 
attract competent people to the business; 

• Demonstrate entrepreneurs’ willingness and ability 
to work as a team. 

The implementation of  Strategy2.2.1 (Consolidate 
management team) needs to be achieved without affecting the 
cohesion of  the group and having in mind the key attributes 
of  a credible team [Gladstone, 2004 (p. 65) and Camp, 2002 (p. 
23)]: 

• Integrity; 
• Intellectual honesty; 
• Entrepreneurship attitude; 
• Experience and skills; 
• Complementarity. 
However, no business will be able to grow significantly in 

the future without the development of  a management team, 
and entrepreneurs must be able to attract new talents when 
required (Goal2.2.2). Therefore, entrepreneurs need to plan in 
advance the development of  their businesses in terms of  sales, 
use of  material resources and raising the necessary funds, and 
also to plan in advance and to create conditions for the future 
development of  the team (Strategy2.2.2). 

Venture capitalists will need to feel comfortable about the 
willingness and the ability of  entrepreneurs to delegate part of  
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their tasks and to attract new talents to help them managing 
the future development of  the business [Bhide, 1999 (p. 27)]. 

4.4 GOAL 3: ANTICIPATE AND MINIMIZE KEY RISKS 
Once the new business is designed according to Goal1 

and its implementation and management capabilities are maxi-
mized (Goal2), entrepreneurs must validate key information 
and confirm the business model’s main assumptions, in order 
to achieve Goal3 (Anticipate and minimize business and con-
textual key risks). 

 Therefore, the decomposition of  Goal3 is the following: 
• Goal3.1 - Anticipate and minimize business risks; 
• Goal3.2 - Anticipate and minimize contextual risks. 
The corresponding second level strategies are: 
• Startegy3.1 - Validate information, confirm assump-

tions and provide flexibility to the business model; 
• Strategy3.2 - Validate information, identify and evalu-

ate potential contextual risks. 
Businesses may suffer important deviations from their 

initial plans due to internal and/or to external factors. Before 
deciding to invest, venture capitalists will want to confirm if  
entrepreneurs have a good understanding of  the business and 
of  its context, and if  they have designed the business to be 
flexible enough to adjust to deviations from the initial plan 
[Sahlman, 1996]. Therefore, entrepreneurs need to 
demonstrate that they have anticipated and minimized the 
impact of  potential risks in the business (Goal3) by validating 
information and by confirming the main assumptions in the 
business model (Strategy3).  

The goal of  anticipating and minimizing key business 
risks, and the corresponding strategies, can be decomposed as 
follows: 

• Goal3.1.1 - Market product/service acceptance. 
• Strategy3.1.1 - Confirmation of  the satisfaction of  an 

important need and customer value creation. 
Entrepreneurs should seek an early confirmation of  the 

acceptability by the market of  its product/service. Signed 
contracts with customers, pre-orders, letters of  intent or other 
documented proof  confirming customers’ interest on buying 
the product/service at a given price and conditions, can be 
decisive to raise funding from venture capitalists. 

• Goal3.1.2 – Entrepreneurs’ commitment. 
• Strategy3.1.2 - Ensure commitment of  key people. 
Team commitment is key for the success of  any business. 

Investors usually require key entrepreneurs to be materially 
committed with the new ventures. Therefore, entrepreneurs 
must be ready to invest additional cash in the business, along 
with financial investors. 

• Goal3.1.3 - Evaluate and minimise technological risks. 
• Strategy3.1.3 - Ensure that the technological solutions 

are sound and will not put the business in danger. 
Untested or very recent technological solutions represent 

an additional risk. If  a new technology is not essential for the 
new venture, the entrepreneurs will realise that the investors 
feel more comfortable when tested technologies are used. 

• Goal3.1.4 - Potential implementation and operating 
risks minimized. 

• Strategy3.1.4 - Validate operating plan and human 
resources recruitment and training. 

Entrepreneurs must be able to demonstrate that they had 
carefully reviewed the business’ operating plan, as well as the 
staff  recruitment and training plan. 

• Goal3.1.5 - Identify and minimise the critical legal risks. 
• Strategy3.1.5 - Review the critical legal aspects. 
The main potential legal risks inherent to the business 

should be identified and minimized in advance. 
• Goal3.1.6 - Potential lack of  resources identified and 

anticipated. 
• Strategy3.1.6 - Revaluate the required resources' and 

look for them timely. 
The need of  material, human and financial resources 

must be quantified in advance, in order to ensure that they will 
be available when necessary. Particular attention must be paid 
to anticipating the need of  financial resources, in order to 
reduce the risk of  “equity gap”. 

• Goal3.1.7 – Minimize specific business critical risks 
(associated to business sector). 

• Strategy3.1.7 - Demonstrate measures taken, facts and 
initiatives linked to the minimization of  business 
specific risks. 

Each business has its own critical risks that must be 
identified and appropriately addressed. 

The corresponding design matrix is uncoupled, meaning 
that the goals can be achieved independently (see Goal 3.1 
Level 3 Matrix in Figure 4). 

The entrepreneurs should also implement a strategy of  
permanent identification and evaluation of  potential contex-
tual risks (Goal3.2). The goals and the corresponding strategies 
can be decomposed as follows: 

• Goal3.2.1 - Identify and anticipate the competition’s 
potential reactions. 

• Strategy3.2.1 - Identify strengths and weaknesses of  
competitors. 

Even if  the new venture manages to successfully enter 
the market, a reaction from its competitors should be ex-
pected and anticipated in advance. This implies that the 
strengths and weaknesses of  the competitors must be evalu-
ated and continuously monitored. 

• Goal3.2.2 - Potential impacts of  macroeconomic situa-
tion evaluated and optimised. 
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• Strategy3.2.2 - Confirm business alignment with main 
economy trends. 

A new business aligned with the main macroeconomic 
trends has more chance of  success. 

• Goal3.2.3 - Potential impacts of  regulation changes 
anticipated and optimized. 

• Strategy3.2.3 - Identify and evaluate impacts of  poten-
tial regulation changes 

Usually, businesses operate in a more or less regulated 
environment. Potential regulation changes that might have a 
relevant impact in the performance of  the business must be 
identified. 

5 CONCLUSION 
The main goal of  this work is the deployment of  a 

proposal of  an appropriate platform for guiding 
entrepreneurs in finding venture capital to finance innovative 
projects from the outset. 

Additionally, the platform helps to organize data and 
decision-making, in order to avoid bottlenecks, sources of  
iteration and conflicting options, therefore shortening the 
time for the development of  the project. 

Axiomatic Design was found to be very useful in the 
approach to the financial issues of  innovation. 

In the opinion of  the authors, the most relevant output 
of  this proposal is giving the entrepreneur the chance to 
seamlessly integrate the independence axiom in the decision 
process and in the presentation of  the project to potential 
financial investors. 

It was found that a decomposition until the third level is 
enough to depict the general aspects of  this kind of  design. 
The levels below the third should be reserved to specific 
issues that depend on particular features of  the design. 

The platform is being tested in real world cases, and the 
results attained so far could be described as promising. 
However, one should note that the use of  this platform is not 
a sufficient condition for a successful venture capital fund 
raising project. 

Not surprisingly, the main disadvantage of  the platform 
was the difficulty of  getting the involved actors to 
acknowledge the importance of  the independence principle 
and of  the advantages of  zigzag decomposition. This 
confirms the relevance of  introducing AD in the early stages 
of  the higher education of  potential entrepreneurs and other 
decision-makers. 

In the future, the authors are planning to apply the 
information axiom in the selection of  ideas in the innovation 
process, in order to increase the efficiency of  this process. 
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ABSTRACT 
Any successful business understands the importance of  

process. Successful sales processes will be designed and 
applied to each aspect of  a business. With the ever 
competitive world of  retail getting increasingly aggressive in 
an economy heading downward, attention to every detail is a 
must in an attempt to get an edge on the opposition. 

Axiomatic design is a scientifically based design theory 
that guides designers through the process of  first mapping 
customer needs into functional requirements, then mapping 
these requirements into design parameters, and then finally 
figuring out processes to provide those design parameters. We 
use these principles to design Sales Processes in retail stores, 
and claim that this methodology will improve sales operations. 
We provide a detailed description of  the methodology applied 
to Sales Process design. Our findings indicate that the 
methodology works well in improving Sales Process because it 
eliminates many non-value-added activities. 

Keywords: Axiomatic Design, sales process, retail shop. 

1 INTRODUCTION 
During the last few years, there has been growing interest 

in the way that firms design and implement their marketing 
organization. All recent management hits - like total quality 
management, business process re-engineering, customer 
relationship management, etc - put marketing organization in 
the spotlight by emphasizing how improvements in the 
efficiency and effectiveness of  marketing processes are 
necessary in order to increase organizational performance [e.g., 
Day, 1994; Krohmer et al., 2002]. 

Extant research also argues that, among other functions, 
the Sales unit plays a fundamental role in influencing market-
related decisions [Troilo et al., 2009]. Investigators believe that 
a capable sales department, therefore, can be one source of  
competitive advantage [Dubinsky et al., 1986; Singh, 1998; 
Weitz and Bradford, 1999]. Sales has actually more influence 
than Marketing itself  on decisions like pricing, designing 
customer service and support, expanding into new geographic 
markets, and developing distribution strategy [Krohmer et al., 
2002; Workman Jr. et al., 1998]. Vadi and Suuroja [2006] argue 
that the changing economic paradigm called for a new, 
market-oriented model of  the sales process.  

Several aspects have been addressed within the behavioral 
framework, including the view introduced by Evans [1963], 
that the content of  selling is a dyadic relationship leading to 
the adaptation of  knowledge about the communication 
process and its specific features in buyer–seller relationships. 

For example, Wilson [1976] presents a dyadic sales 
process model comprised of  the following five steps:  

1- Source legitimization 
2- Information exchange, problem identification 
3- Attribute delineation 
4- Attribute value negotiation 
5- Relationship maintenance 

Dubinsky [1986] distinguishes seven steps in the personal 
selling process: 

1- Locating and prospecting for customers 
2- Pre-approach 
3- Approach 
4- Sales presentation 
5- Handling objectives/sales resistance 
6- Close 
7- Post-sales follow-up, and examining the importance of  

selling techniques for different steps in the process. 
In reality, consumers have to make comparisons of  their 

shopping alternatives on a daily basis. Not only do they 
compare products, they also compare stores and sales 
channels [McGaughey and Mason, 1998]. Finell [2007] 
mentions in his book that an estimated 85 percent of  new 
shops close within five years. That means only 15 percent will 
be successful. The 85 percent of  hardworking people who 
didn’t make it have experienced incalculable disappointment, 
frustration, bankruptcy, and in some cases a loss of  life 
savings or marriages. The ideas that work for one shop owner 
don’t necessarily work for another. But it seems there are 
some fixed and secure ways that make shop-owners successful. 

Axiomatic design (AD) is a tool that is particularly suited 
to the design problem because it addresses how to handle 
cross-functional issues in designing Sales Processes. Many AD 
applications in designing products, systems, organizations, and 
software have appeared in the literature in the last decade. 

This study develops a road map using Axiomatic Design 
in order to design the Sales Process in a retail store effectively. 
The road map provides a decomposition of  broad design 
objectives into smaller supporting objectives that are then 
linked to specific design parameters for framing Sales 
Processes. In other words, this methodology creates a 
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decomposition process that enables a clear formulation of  
design objectives. 

2  LITERATURE REVIEW 
2.1 RETAILING 

Retailing consists of  the sale of  goods or merchandise 
from a fixed location, such as a department store, boutique or 
kiosk, or by mail, in small or individual lots for direct 
consumption by the purchaser. Retailing may include 
subordinated services, such as delivery. Purchasers may be 
individuals or businesses. In commerce, a "retailer" buys 
goods or products in large quantities from manufacturers or 
importers, either directly or through a wholesaler, and then 
sells smaller quantities to the end-user. Retail establishments 
are often called shops or stores. Retailers are at the end of  the 
supply chain. Manufacturing marketers see the process of  
retailing as a necessary part of  their overall distribution 
strategy. The term "retailer" is also applied where a service 
provider services the needs of  a large number of  individuals. 

Shops may be on residential streets, shopping streets with 
few or no houses or in a shopping mall. Shopping streets may 
be for pedestrians only. Online retailing, a type of  electronic 
commerce used for business-to-consumer (B2C) transactions 
and mail order, are forms of  non-shop retailing. 

Shopping generally refers to the act of  buying products. 
Sometimes this is done to obtain necessities such as food and 
clothing; sometimes it is done as a recreational activity. 
Recreational shopping often involves window shopping (just 
looking, not buying) and browsing and does not always result 
in a purchase. 

It should always be remembered that nothing can replace 
retail entrepreneurship and attention being paid to the total 
shopping experience. Creating an enjoyable shopping 
experience requires categories to be defined in a more 
interesting manner than is the case in an average store, 
because today's stores are often organized around the way 
retailers buy and manufacturers sell, but not the way 
consumers think [Schroder, 1997]. 

2.2 WHAT MAKES A SUCCESSFUL RETAILER? 
This question could be debated by retailers and other 

business managers for ever with wide ranging and diverse 
answers being offered. Schroder [1997] provides some of  the 
secrets of  successful retailing include: 
• Attention to detail(s) - hundreds of  them 
• Position and passing trade 
• Knowing the customer 
• Providing appropriate levels of  customer service - a 

perennial problem! 
• Knowing what the customer wants 
• Knowing how to reach the customer 
• The ability to broaden your customer base 
• The ability to attract more shoppers, more often 
• The ability to get customers to spend more money each 

time they shop 
• The ability to create excitement in and around your retail 

store 
• The ability to run sales targeted at special events 

• The ability to be able to identify those events 
• The ability to liaise with other stores and suppliers 
• The ability to develop community involvement 
• The ability to attract media publicity 
• An awareness of  the strengths and weaknesses of  your 

competitors 
• The ability to create an impression with your premises, 

inside and out 
• The ability to meet seasonal demands 
• The ability to work and perform under extreme pressure 

It is the unique individuality of  the decor, displays, 
merchandise, personnel, and, of  course, longevity - the 
complete combination - that rates a shop as extraordinary 
[Finell, 2007]. Finell [2007] suggests that underlying all 
planning is The Golden Rule: The Right Item, at the Right 
Time, in the Right Place, at the Right Price. The Golden Rule 
is the first rule, the cardinal rule - the foundation, in fact, of  
good retailing. 

The aim of  this work is to achieve a tight relation 
between the Sales Process characteristics (functional 
requirements in the design language) and Sales Process 
strategies (design parameters) on how to fulfill these 
characteristics. 

2.3 AXIOMATIC DESIGN AND MARKETING 
Different articles shows how design tasks from different 

fields can be described in terms of  the four design domains. 
Since all designs fit into these four domains, all design 
activities can be generalized in terms of  the same principals. 
Thus, generalized design principles can be applied to all design 
applications and the design issues that arise in these four 
domains can be considered systematically and, if  necessary, 
concurrently [Suh, 2001]. Nordlund [1996] used the AD 
approach for business planning and proved that AD is 
applicable in non-engineering disciplines too. In business 
planning the AD terminology is changed to discipline specific 
terms: FRs were renamed to Goals, DPs became Strategies 
and PVs were changed to Activities. 

Some other limited experiments were also conducted 
applying the AD framework to marketing problems (both 
academic examples conducted on Harvard business school 
cases and industry problems conducted with AGA AB). The 
results from these experiments indicate that the AD 
framework is also applicable in designing marketing strategies 
[Nordlund, 1996]. 

Martin and Kar [2002] used axiomatic design to provide a 
framework for the e-commerce applications in electronic 
retailing. The high level goals and strategies form the roots of  
the decomposition tree for the e-commerce strategy, and the 
process continues to zigzag back and forth between the goal 
domain and the strategy domain until the design is completely 
decomposed. The structured design and decomposition 
method assures that the decisions made in the strategy 
development are made in proper sequence.  
 

3 DESIGN OF SALES PROCESS USING AD 
PRINCIPLES 

3.1 DECOMPOSITION LEVEL 1 
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A successful design approach should begin with a 
definition of  what we want to achieve and end with a clear 
description of  how we will achieve them. From an FR in the 
functional domain, we go to the physical domain to 
conceptualize a design and determine its corresponding DP at 
the highest level. 

For the preliminary stage of  design, the principles of  AD 
are applied. The first step is to define the FRs of  the system at 
the highest level of  its hierarchy in the functional domain. In 
this work, the following has been selected as the highest FR: 

FR0 = to organize a retail shop sales process  
 
The following DP has been selected to satisfy the FR 

provided above: 
DP0= a retail shop sales process strategy 
 
If  the DPs proposed for satisfying those FRs defined in 

the steps above cannot be implemented without further 
clarification, AD principles recommend returning to the 
functional domain for decomposing the FRs into their lower 
FRs set. The following lower FRs set is defined for 
decomposing the FR determined in Step 1: 

FR1= to sell the products to customers inside the 
shop 

FR2= to sell the products without coming customers 
to the shop 

 
The following DPs are in response to the FRs listed above: 

DP1= the system of  managing customers  
DP2= e-commerce system 

 
The corresponding Design Matrix provides the 

relationships between the FR and DP elements (Figure 1). 
These FR and DP yield the design matrix for this level as: 
 

DP 1 DP 2
FR 1 X 0
FR 2 0 X  

Figure 1. Decomposition Level 1. 

The design given in Figure 1 is an uncoupled design and 
satisfies the Independence Axiom completely. It shows that 
attracting customers to the shop can be done in two 
independent ways. 

3.2 DECOMPOSITION LEVEL 2 
Level 2 includes decomposition of  the system of  

managing customers and e-commerce system.  The customers 
who enter the shop are new or old. Regarding this matter we 
can decompose FR1 into two sections as FR11 and FR12: 

FR11= to acquire new customers 
FR12= to retain old customers 

In satisfying the four FRs defined above, we move from the 
functional domain to the physical domain. The following DPs 
are in response to the FRs listed above: 
 

DP11= Direct marketing  
DP12= Customized Marketing 

 
The design matrix for this level is: 

 
DP 11 DP 12

FR 11 X 0
FR 12 0 X  

Figure 2. Decomposition Level 2, FR1-DP1. 

The design (Figure 2) at this level is also an uncoupled 
design. Marketing on the basis of  relationships concentrates 
attention on building customer value in order to retain 
customers 

Nowadays websites have an important role in sales 
process and many customers prefer to buy their needs by 
website. Customers can browse and shop online, request and 
obtain product information, and check the status of  their 
orders. The decomposition of  FR2 is described below: 

FR21= to sell without an intermediate person 
FR22= to sell with an intermediate person 
 

The corresponding DPs may be stated as follows: 
DP21= website development 
DP22= call center and online chat 

 
According to Figure 3, the website enables companies to 

provide current and potential customers with a wealth of  
information about their products and services. On the other 
hand call centers and online chat technology, for example, 
allows companies such as Direct Line insurance to create 
value for customers by dealing with them directly. Although 
communication and transactions can be conducted via the 
web site, customers still demand the option to speak with a 
human representative for technical and process assistance 
[Payne, 2005]. And the design matrix is: 

 
DP 21 DP 22

FR 21 X 0
FR 22 0 X  

Figure 3. Decomposition Level 2, FR2-DP2. 

3.3 DECOMPOSITION LEVEL 3 
At this stage, the FRs in level 2 include requirements to: 

acquire new customers, to retain old customers, to sell without 
an intermediate person, and to sell with an intermediate 
person. The corresponding DPs will be decomposed in order 
to obtain low-level FRs and DPs. The decomposition of  FR11 
is described below: 

FR111= to present suitable prices 
FR112= to prepare easy delivery 
FR113= to access the shop comfortably 
FR114= to attract the customers inside the shop 
FR115= to provide after sales service 
FR116= to buy comfortably  
FR117= to acquaint the customers with the shop 
 

The corresponding DPs are: 
DP111= pricing system  
DP112= delivery system  
DP113= suitable place for the shop 
DP114= methods for attracting customers  
DP115= customer support system 



Designing the Sales Process in Retail Shops by Axiomatic Design Principles 
The Sixth International Conference on Axiomatic Design 
Daejeon – March 30-31, 2011 
 

 

DP116= product diversity 
DP117= different advertising 

 
We obtain the design matrix as: 
 

DP 111 DP 112 DP 113 DP114 DP 115 DP 116 DP 117

FR 111 X 0 0 0 0 0 0
FR 112 0 X 0 0 0 0 0
FR 113 0 0 X 0 0 0 0
FR 114 0 0 0 X 0 0 0
FR 115 0 X 0 0 X 0 0
FR 116 0 X X 0 0 X 0
FR 117 0 0 X X 0 0 X  

Figure 4. Decomposition Level 3, FR11-DP11. 

The design at this level is a decoupled design. This matrix 
(Figure 4) shows that delivery system and suitable place for 
the shop are the most important factors in acquiring new 
customers. In other words, customers pay attention to these 
two factors in choosing a new shop at first stage. It is 
necessary to know that price is not one of  the top five 
concerns of  customers [Jones, 2005]. Pricing should reflect 
competition and customer buying criteria. However, we don’t 
forget the importance of  advertising in attracting customers. 

Customer intimacy requires a continuing focus on the 
means whereby the relationship with customers can be made 
more personalized and customized. In effect, the shop must 
be able to ‘replicate the mind of  the customer’ if  it is to 
provide the kind of  individual or customized service that will 
attract, retain and grow profitable customer relationships. 
According to above sentences, the decomposition of  FR12 (to 
retain old customers) and DP12 (Customized Marketing) is 
shown as: 

FR121= to persuade the customers to repurchase   
from the shop  

FR122= to understand the needs of  old customers 
 
DP121= persuasive plans 
DP122= customer identity system 

 
The design matrix is: 

 
DP 121 DP 122

FR 121 X 0
FR 122 0 X  

Figure 5. Decomposition Level 3, FR12-DP12. 

The design (Figure 5) at this level is an uncoupled design. 
The shop has to know the identity, profile, history, 
requirements, expectations and preferences of  the customers. 
With persuasive plans, sales people try to retain the old 
customers. For instance, discounts can be a good offer for 
them or gifts for the family of  the customer. 

Experience suggests that most companies direct the 
greater part of  their marketing activity at winning new 
customers. But while businesses need new customers, they 
must also ensure that they are directing enough of  their effort 
at existing customers.  

Several approaches have been applied to studying 
consumer behavior in the e-market. Others investigated 
individual characteristics of  consumers that affect online 
purchasing decisions [Finell, 2007; Donthu and Garcia, 1999]. 
Potential customers around the world can find the shop with 
just a click of  a button. Advanced web services and Internet 
enable the customer to browse web pages together from 
different locations. But website should have some 
characteristics and features to be useful. The decomposition 
of  FR21 shows some of  these features shown below: 

FR211= to persuade the customers to use the website 
FR212= to purchase safely and comfortably in website 

by customers 
FR213= to have after sales service 
 

The corresponding DPs are stated as follows: 
DP211= internet marketing 
DP212= an applicable and secure site 
DP213= customer support system 

 
The design matrix is shown as: 

 
DP 211 DP 212 DP 213

FR 211 X X 0
FR 212 0 X 0
FR 213 0 0 X  

Figure 6. Decomposition Level 3, FR21-DP21. 

The design (Figure 6) at this level is an uncoupled design. 
This shows that a secure and applicable website can persuade 
customers to use it in purchasing however, customers must 
know the website. One of  the real-time target marketing 
solutions figures heavily in the Internet marketing initiative. 

Call centers and especially online chat have escalated in 
importance over the last decade as many companies have 
reduced their high street presence and launched Internet 
channels. The telephone is both a channel in its own right and 
an important form of  support for other channels. As 
telephone and data technologies converge, the role of  the call 
centre will continue to expand, both as a customer interface 
and as an internal information resource. The decomposition 
of  FR22 (to sell with an intermediate person) according to its 
corresponding DP that is DP22 (Call center and online chat) is: 

FR221= to access easily to call center 
FR222= to purchase safely  
FR223= to order easily and rapidly  
 

The following DPs are in response to the FRs listed above: 
DP221= 24-hour responder 
DP222= order tracking system 
DP223= enough phone line 
 
The design (Figure 7) at this level is a decoupled design. 

Call-centre operatives already handle telephone calls, faxes and 
e-mail messages. Increasingly, they will also interact with the 
customer via shared web pages and Internet telephony. 
Registered web site users can log into an account management 
section with their email address and password to manage the 
following areas: 
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• ‘My profile’ – allows users to keep their contact and 
account information such as payment method and 
delivery address. 

• Account history – where users can view all orders made 
through the web site, checking each order and its details 
in full at any time. 

• Order tracking – once an order has been placed, users 
can log into their account management section and view 
the progress of  their order 

 
We obtain the design matrix as: 

 
DP 221 DP 222 DP 223

FR 221 X 0 0
FR 222 0 X 0
FR 223 X 0 X  

Figure 7. Decomposition Level 3, FR22-DP22. 

3.4 DECOMPOSITION LEVEL 4 
There are several ways to attract the customers inside the 

shop. If  the customers can't find what they're looking for in 
the shop, they are unlikely to stay long. A proper retail store 
design is the key to attracting new customers, but can also play 
an important role in retaining the customers. We can show the 
suitable features to attracting the customers inside the shop by 
decomposition of  FR114 (to attract the customers inside the 
shop) as shown below: 

FR1141= to pay easily 
FR1142= to sell side products 
FR1143= to attract the customers by salespeople 
FR1144= to attract the customers by the appearance   

of  the shop 
FR1145= to access easily and rapidly to the products 
 

The following DPs have been selected to satisfy the FRs 
provided above: 

DP1141= different ways of  paying 
DP1142= the side products shelves 
DP1143= good behavior and appearance of  

salespeople 
DP1144= suitable display window and interior 

decoration 
DP1145= suitable layout of  products and guide 
 
The design (Figure 8) at this level is an uncoupled design. 

According to the independence axiom, the four functions of  
this level can be provided independently. Therefore, DPs at 
this level can be adjusted to satisfy their corresponding FRs 
without affecting the others. It is vital for your shop to be 
welcoming and user-friendly. Items should be divided into 
appropriate categories, making it as easy as possible for people 
to find what they are looking for. Avoid ambiguity in the 
categories and if  necessary, use text descriptions to explain 
what is in a category. The shop should allow the customers to 
use a variety of  payment methods, including: credit cards, 
debit cards, payment processors (for example, WorldPay and 
PayPal), multi-currencies, and cheques. Customer satisfaction 
with the salesperson reflects an emotional state that occurs in 

response to an evaluation of  the interaction experience that 
the customer has with the salesperson [Crosby et al., 1990] 
The design matrix for this level is: 
 

DP 1141 DP 1142 DP 1143 DP 1144 DP 1145
FR 1141 X 0 0 0 0
FR 1142 0 X 0 0 0
FR 1143 0 0 X 0 0
FR 1144 0 0 0 X 0
FR 1145 0 0 0 0 X  

Figure 8. Decomposition Level 4, FR114-DP114. 

The decomposition of  FR115 (to have after sales service) 
and corresponding DPs is: 

FR1151=to support the customers during all steps of  
purchasing 

FR1152= to respond rapidly to the customers 
 

DP1151= integrated support service 
DP1152= multiple channels of  communication 

between shop and customers 
 
The design matrix for this level is: 

 
DP 1151 DP 1152

FR 1151 X X
FR 1152 0 X  

Figure 9. Decomposition Level 4, FR115-DP115. 

The design (Figure 9) at this level is a decoupled design. 
Many shops use a combination of  direct and indirect channels 
especially for sales and service functions. Future growth is 
expected to come from a renewed focus on customer service 
automation across multiple channels. Multichannel technology 
is necessary to deliver to the customer a feeling of  recognition, 
and consistency of  service over all stages of  the 
communication process. 

Turning to Web-based service strategies seems to be a 
necessary alternative. In fact, the average consumer now visits 
more than half  a dozen Web sites during the buying process, 
gathering information and impressions at each stop [Brock,  
2003]. Regarding these matters the decomposition of  FR211 
(to persuade the customers to use the website) is described 
below: 

FR2111= to attract the customers in the website   
FR2112= to present lower prices in comparison with 

prices in the shop 
 

The following DPs are in response to the FRs listed above: 
DP2111= attractive and useful content in the website 
DP2112= pricing system 

 
We obtain the design matrix as: 

 
DP 2111 DP 2112

FR 2111 X 0
FR 2112 0 X  

Figure 10. Decomposition Level 4, FR211-DP211. 
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The design (Figure 10) at this level is a uncoupled design. 
Customers expect the information they find on the Web will 
be timely, up-to-date, and relevant to their immediate needs. If  
it isn’t, they will develop a bad impression of  the company. It 
is also important not to try to force things to the Web if  there 
is a simpler solution. 

An applicable website has to have different characteristics 
that are shown in the decomposition of  FR212 (to purchase 
safely and comfortably in website by customers): 

FR2121= to pay comfortably 
FR2122= to select the products easily 
FR2123= to purchase safely 
 

And the corresponding DPs are: 
DP2121= different ways of  paying 
DP2122= complete information about all products 
DP2123= update information 

 
We obtain the design matrix as: 

 
DP 2121 DP 2122 DP 2123

FR 2121 X 0 0
FR 2122 0 X X
FR 2123 0 0 X  

Figure 11. Decomposition Level 4, FR212-DP212.                                                                          

The design (Figure 11) at this level is a decoupled design. 
Web-based services will be a necessary alternative with          
e-service that is fast, meaningful, compelling, and customer-
driven. Web requests, just like contact center interactions, 
require immediate responses. The customer can access 
product specifications, and alternative and complimentary 
items that then may be stored in a personal Web account.  

The decomposition of  FR213 (to have after sales service) 
and corresponding DPs is: 

FR2131= to support the customers during all steps of  
purchasing 

FR2132= to respond rapidly to the customers 
 
DP2131= integrated support service 
DP2132= multiple channels of  communication 

between shop and customers 
 
The design matrix is shown as: 
 

DP 2131 DP 2132
FR 2131 X X
FR 2132 0 X  

Figure 12. Decomposition Level 4, FR213-DP213. 

The design (Figure 12) at this level is a decoupled design. 
Customer expectations of  service are on the rise. When 
companies get this kind of  feedback they are often surprised 
at how much money they were wasting by providing services 
some customers found to be of  no value. Sixty-six percent of  
multichannel shoppers browse in one channel but purchase in 
another. And multichannel shoppers spend more. Consumers 
that either browsed or purchased in all three channels—on the 
Internet, through catalogs, and in retail stores—spent $995 on 
holiday shopping in 2001, compared with shoppers who 

browsed or purchased in two channels ($894) and consumers 
who used only one channel ($591) [Newell, 2003]. 

The design of  Sales Process in a Retail shop is completed 
(see Figure 13 and Figure 14). 

4 DISCUSSION & CONCLUSION 
There are lots of  factors influencing a retail shop. These 

factors can be divided into three sections, including before 
purchase, during purchase, and after purchase. Many retailers 
ignore these steps. They think they only have to sell their 
merchandises, whereas identifying the factors which persuade 
the customers to buy for the first time or buy repeatedly, is 
extremely important. The retailers aren’t able to distinguish all 
of  these factors because many of  them are hidden or 
influence other factors.  

This paper presents a systematic road map for designing 
Sales Processes using axiomatic design principles. An 
application of  the independence axiom was proposed 
throughout the design process to develop a road map for 
Sales Processes. Axiomatic Design gives us this ability to 
identify the most detailed factors and their relationships by 
independence axiom and decomposition. As Figure 15 shows, 
the sales process has been decomposed to four levels. 
Customers, sales people, delivery, appearance of  shop, and 
many other factors have been regarded in the decomposition 
process. On the other hand, regarding Figure 15, several DPs 
affect FR121 (to persuade the customers to repurchase from 
the shop). This means that the strategy of  retaining customers 
has a great importance. Nowadays, many retailers have found 
the importance of  this strategy. If  you look carefully at 
complete matrix, you will find it coupled. This reveals that 
“call centers” and ”after sales services” are parallel functions 
or cross-functions and this is a weak point that has to be 
solved.  

This is a new approach to development and formulation 
in Sales Processes, with the decomposition of  Functional 
Requirements and Design Parameters using Axiomatic Design. 
This structured design and decomposition method assures 
that the decisions made in the design are made in proper 
sequence. It assures that “What to do” is answered before 
“How to do it”. 

Functional requirement and design parameter sets in 
Sales process design might change according to the designer. 
Future research could involve a different design developed by 
another designer that would be compared to the presented 
road map using the information axiom. Research for 
generating the information content of  design matrices is in 
progress. 

We present some suggestions to be done by other 
researchers in the future: 

1- To implement this model in a real retail shop and 
compare the results of before and after implementation. 

2- To promote this model to more levels and complete FRs 
and DPs. 

3- To try to make the matrix decoupled and then uncoupled. 
4-  To use Axiomatic Design in other fields of Marketing. 
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Figure 13. List of  FRs.  

Figure 14. List of  DPs. 

 
 

 
Figure 15. Complete Design Matrix for Sales Process. 
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ABSTRACT 
The success rate of  new products and services can only 

be increased by a strict orientation to future markets and 
respectively the (future) stakeholders' and customers' benefit 
perception. This paper presents a holistic innovation 
management approach which builds on the principles of  
Axiomatic Design and Axiomatic Complexity Management 
and extends the concepts to a cyclic model “From Market to 
Market”. It starts from a new approach in the Customer 
Domain which helps to predict new market trends, 
systematically identifies customer needs, and shows how to 
define on this basis a consistent vision and strategy for the 
company (from the high-level targets to the lower-level 
strategies). This approach, based on the combination of  
different methodologies like the Delphi techniques and 
Axiomatic Design, aims to systematically identify share-
/stakeholders and customer’s benefits and requirements. An 
example taken from the durable goods industry helps to 
illustrate the successful application of  this approach. 

Keywords: Axiomatic Design, Customer Benefit, trend 
analysis. 

1 INTRODUCTION 
Innovation is one of  the most important factors for a 

firm’s long term success [Spath et al., 2001]. Due to increasing 
customer expectations and growing international competition 
companies are forced to offer a huge product variety and 
reduce product life cycles [Matt, 2007]. At the same time, 
competitive pressure in volume markets is becoming stronger 
because of  increasing economical and technical emancipation 
of  the so called low labour cost countries [Kirner et al., 2006].  

The response of  many small and medium sized 
enterprises (SME) to this development is to retreat into niche 
markets. However, decreasing production volumes, the 
increasing complexity of  the article range and shortening 
product life cycles make it hard especially for small and 
medium sized enterprises (SME) to amortize product 
development related one-time expenditures and investments. 
Flops on the market are hard to cope with and can endanger a 
company’s survival.  

The success rate of  new products or services can be 
increased only by a consequent orientation to customer value: 
the customer needs to drive the buying decision [Matt and 
Franzellin, 2008]. However, the identification of  customer 

benefit and customer demand is not simple [Matt, 2007]. Is 
the customer really always fully aware of  the total scope of  his 
expectations?  

The review of  existing scientific literature in section 2 
shows that both academia and industry are discussing these 
challenges at length. A number of  methods were developed 
for this topic, such as QFD (Quality Function Deployment) 
and Conjoint Analysis. All of  these methods can be 
meaningfully applied where customer needs regarding an  
existing product and/or service concept have to be evaluated 
and/or translated into functional requirements for product 
development [Züst et al., 1999].  

However, these methods are insufficient and sometimes 
not deployable for novel products, services or product/service 
combinations. After all, to a large degree, it is about 
ascertaining what the customer would like, but does not yet 
exist in this form. How then should he or she be able to 
verbalize such a requirement?  

The challenge therefore lies in the identification of  a 
potential area of  benefit, in which benefits can be derived and 
be translated into demands. Thus, the objective of  this 
research is to develop a theoretic model and an integrated 
framework for:  

− the systematic identification of  the customer value 
perception (the latter consists of  a different 
perception of  the value term for each user or group 
of  users) 

− the development of  scenarios for the analysis of  
possible future market trends or customer needs 

− the evaluation of  the probability that the identified 
trends will become real 

− the translation of  the most promising trend 
scenarios into functional requirements and 
alternative product or service design hypotheses 

− the evaluation and modification of  the alternative 
hypotheses on the basis of  market and expert 
feedback, and finally 

− the elaboration of  concrete product/service design 
proposals for further product/service development 
steps. 

Furthermore, experimental test cases will be developed to 
prove the validity of  the theoretic framework in different 
environments and under varying side conditions. 
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2 LITERATURE REVIEW 
The review of  existing research work shows that 

understanding and fulfilling each individual customer’s 
requirements have been recognized as a pressing challenge for 
companies across industries [Jiao and Chen, 2006]. The 
following sections (2.1 to 2.4) are mainly based on an accurate 
literature review in this field, published by Jiao and Chen 
[2006].  

Traditional approaches of  market-orientation are mainly 
focused on the average satisfaction of  customer requirements. 
As customers increasingly demand for individual solutions, 
companies start to pursue the strategy of  offering customer-
focused products with a large degree of  individuality [Tseng 
and Piller, 2003]. Customer requirement management thus 
becomes one of  key success factors for a market-oriented 
product development [McKay et al., 2001]. The poor 
understanding of  customer requirements and inaccurate 
assumptions made during the elicitation and analysis of  
requirement information can have significant negative 
implications on the design and manufacturing of  the product 
in terms of  quality, the lead time and cost [Jiao and Chen, 
2006]. 

Extensive studies have shown the importance of  careful 
analysis and assessment of  market and customer requirements 
for the market success of  product development [Karkkainen 
and Elfvengren, 2002]. It involves the understanding of  
customer preference and relevant target markets, along with 
requirement prioritization and classification, as elaborated 
below [Jiao and Chen, 2006]. 

2.1 UNDERSTANDING MARKET AND CUSTOMER 
NEEDS 

Different customer-related marketing approaches have 
been reported in response to the increasing importance of  
customers in today’s business environment, including 
customer satisfaction, customer marketing, customer-based 
methods, customer-driven evolutionary systems, and customer 
loyalty [Jiao and Chen, 2006]. Customer relationship 
management has become a key focus in today’s marketing 
research [Barness, 1997]. Interesting research work has been 
done to study the potential values of  relationship marketing in 
customer markets, such as neoclassical microeconomics, 
transaction costing, relational contracting, social exchange, 
equality theory, and resource dependency theory [Jiao and 
Chen, 2006]. 

Curry [1991] proposes a customer marketing strategy for 
identifying, acquiring, keeping and developing customers by 
developing a customer pyramid. Besides a clear understanding 
of  customers and markets through marketing research, other 
factors also must be considered for managing customer 
requirements in product development [Lancaster and 
Massingham, 1994]. Bennett [1996] advocates emphasizing 
customer group segmentation under intensifying competition 
pressures. Barness [1997] points out the necessity of  
quantitative customer evaluation and argues that individual 
customers should be put in more direct contact with 
manufacturers or organizations via a channel using 
information technologies. In this context, Khoo and Ho 
[1996] propose a customer-focused information system to 

closer link product re-innovation and customer involvement 
in the process of  product conceptualization. 

The micro and macro perspectives used by Kotler [1991] 
help to better explain the different ways of  customer 
requirements evaluation. In the micro perspective, it is shown 
that the functional correlation between customer 
requirements and design specifications is largely influenced by 
engineering considerations. However, the macro perspective 
considers also a broad range of  socio-cultural factors 
emphasizing the fact that customer requirements acquired 
within one customer group may conflict considerably with 
another. The research of  Nielson [1998] focuses on the 
analysis of  multicultural customer factors to support 
organizations in their recognition of  individual customer 
needs and direct interactions with customers. Lancaster and 
Massingham [1994] emphasize the importance of  a precise 
evaluation for major customer groups and markets regarding 
competition situations.  

2.2 CUSTOMER PREFERENCE 
Market researchers have applied regression analysis to 

compare different customer characteristics and to rank them 
according to their contribution towards profitability [Jenkins, 
1995].  

Market analysis techniques are traditionally applied for 
the investigation of  customers’ responses to different product 
design options. In this context, the conjoint analysis is broadly 
adopted to measure customer preferences for different 
product profiles and to set up market simulation models 
[Green and DeSarbo, 1978]. Louviere et al. [1990] apply 
discrete choice experiments to predict customer choices 
regarding product design options. Alternatively, Turksen and 
Willson [1992] use fuzzy systems for the interpretation of  
linguistic meanings regarding customer preferences. Other 
authors have employed focus groups to provide a reality check 
on the usefulness of  a new product design adopting a 
qualitative approach [LaChance-Porter, 1993]. Similarly, one-
on-one interviews and similarity-dissimilarity attribute 
rankings are used [Griffin and Hauser, 1993]. 

2.3 REQUIREMENT PRIORITIZATION 
The prioritization of  customer preferences regarding a 

set of  customer requirements is fundamental [Griffin and 
Hauser, 1993]. This can be obtained by assigning different 
importance weights for customer requirements. The 
indication of  the relative importance of  requirements affects 
the target values to be set for the engineering characteristics. 
Kwong and Bai [2003] handle customer requirement 
prioritization as a multi-criteria decision-making problem. Ho 
et al. [1999] determine the importance weights of  customer 
requirements based on group decision making by formulating 
a set of  criteria agreeable to all individuals to aggregate 
individual preferences into group consensus. Chen et al. [2003] 
derive the relative importance of  customer requirements by 
applying supervised learning with a radial basis function 
(RBF) neural network. Other authors like Gustafsson and 
Gustafsson [1994] propose to employ conjoint analysis as a 
method to prioritize customer requirements through pairwise 
comparisons. To deal with vague and imprecise requirement 
information, Chen et al. [2003] propose the conversion of  the 
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importance assessment of  the customer requirements from 
crisp into fuzzy numbers, based on which the importance 
weights of  customer requirements are deduced by applying an 
entropy based method. Due to its strength in qualitative 
decision making in multi-criteria problems, the analytic 
hierarchy process (AHP) has been broadly applied to 
determine the degree of  importance of  the customer needs 
[Saaty, 1990; Akao, 1990; Armacost et al., 1994; Zakarian and 
Kusiak, 1999].  

2.4 REQUIREMENT CLASSIFICATION 
By the classification of  requirements, product designers 

are guided in compiling, organizing, and analyzing product 
design issues [Rounds and Cooper, 2002]. Fung et al. [1998] 
classify customer requirements basing on the affinity diagram 
to emphasize the advantage of  its creative properties, rather 
than solely relying on logical or intellectual reasoning as with 
other statistical concepts and methodologies. In [Lin et al., 
1996], an ontology for representing requirements is proposed 
that helps to support a generic requirement management 
process. It defines objects like components, features, 
requirements, and constraints by attribute specification 
applying first-order logic and by the identification of  the 
axioms capturing the constraints and relationships among the 
objects. 

2.5 TRANSVERSAL APPROACHES 
In the context of  customer requirement management, 

Quality Function Deployment (QFD) and Axiomatic Design 
(AD) can be considered the most complete and transversal 
approaches.  

QFD combines quality management and product 
development through an accurate customer needs analysis that 
is always the very first step in the QFD process and can be 
considered one of  the most important functional fields of  
QFD. There are many publications in this field that focus on 
different key aspects of  customer needs analysis, such as 
collecting/translating customer needs (e.g. [Bech et al., 1997; 
Temponi et al., 1999; Matzler and Hinterhuber, 1998]), 
customer involvement [Huovila and Seren, 1998], customer 
preference [Lai et al., 1998], and prioritizing customer needs 
[Persson et al., 2000].  

Axiomatic Design Theory [Suh, 2001] differentiates four 
domains: the Customer Domain describes the so called 
customer attributes (CAs), the Function Domain deducts 
from there the functional requirements (FRs), the Design 
Domain provides Design Parameters (DPs) for the 
implementation of  the FRs, whose transformation into 
processes shall be secured by the Process Variables (PVs) in 
the Process Domain [Suh, 2001]. The passage between the 
function, the design and the process domain can very 
systematically be developed by the two axioms and the 
underlying methodology. In contrast, Nam P Suh does not 
present a uniform methodological approach for the 
identification and translation of  the customer benefit 
attributes.  

2.6 RESEARCH GAP 
All of  the methods for customer requirement 

management discussed above can be meaningfully applied 

where customer needs regarding an already existing product- 
and/or service concept have to be evaluated [Züst et al., 1999]. 
However, these methods are insufficient and sometimes not 
deployable for novel products, services or product/service 
combinations. After all, to a large degree, it is about 
ascertaining what the customer would like, but does not yet 
exist in this form. How then should he or she be able to 
verbalize such a requirement?  

Even if  the alternatives are obvious or known (which is 
an important condition for the functioning of  Conjoint 
Analysis, which tries to evaluate preferred samples by a 
comparison in pairs), the comparison in a panel or a group of  
people can lead to mistakes, as Arrow’s Impossibility Theorem 
shows [Hazelrigg, 1996]. 

The challenge therefore lies in the identification of  a 
potential area of  benefit, in which benefits can be derived and 
be translated into demands. 

3 METHODOLOGICAL APPROACH 
In this research, Axiomatic Design theory has been 

identified as a suitable starting point for such a benefit or 
needs based approach. Axiomatic Design differentiates four 
so called Design Domains: the Customer Domain describes 
the so called customer-benefit attributes (CAs: customer 
attributes), the Functional Domain deducts from there the 
functional demands (FRs: functional requirements), the 
Physical Domain provides Design Parameters (DPs) for the 
implementation of  the FRs, whose transformation into 
processes shall be secured by the Process Variables (PVs) in 
the Process Domain [Suh, 2001].  
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Figure 1. The design domains in Axiomatic Design [Suh, 
2001]. 

The essential core of  the Theory of  Axiomatic Design is 
represented by two axioms, the Independence Axiom (1st 
axiom) and the Information Axiom (2nd axiom), which 
represent a necessary and sufficient condition for a “good” 
design of  a product or a system. For this purpose, FRs and 
DPs are mathematically shown as vectors {FR} and {DP}.  

The Design Matrix describes the relation between the 
two vectors:  
 {FR} = [DM] {DP} (1) 

 
The first axiom demands the independence of  the 

functional requirements (FRs). A potentially good design 
exists if  exactly one Design Parameter (DP) can be found 
which fulfils the allocated FR, without influencing the other 
FRs. To fulfil the Independence Axiom, the Design Matrix 
must be either a diagonal or a triangle matrix. In the case of  a 
diagonal matrix, it is called an uncoupled design. This 
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represents the ideal case, as every FR can be fulfilled with 
exactly one DP, without being in any interrelation whatsoever 
to other FRs. In triangle matrices there is a so called 
decoupled design. These functions can only be fulfilled 
independently from each other by adhering to a certain 
sequence. All other cases represent a (badly) coupled design 
[Suh, 2001]. 

The passage between the function, the design and the 
process domain can very systematically be developed by the 
two axioms and the underlying methodology. In contrast, 
Nam P. Suh does not present a uniform methodological 
approach for the identification and translation of  the 
customer benefit attributes [Matt and Franzellin, 2008]. The 
analysis of  the many examples which are meant to prove the 
validity of  the axioms, does, however, show a logical pattern at 
the identification of  the customer benefit attributes. From a 
purely economical point of  view, the benefit is connected with 
a measurable value generation. The latter consists of  a 
different perception of  the value term for each user or group 
of  users. 

3.1 IDENTIFICATION OF THE CUSTOMER BENEFIT 
The benefit aspect and its measurability play a 

fundamental role for the design of  innovative products or 
services. Thus, the first step of  the research will be focused on 
the development of  generally applicable logical patterns for 
the identification of  the customer benefit. It will represent a 
central aspect of  the research activities.  

The first question to be answered within the research is 
what drives the customer benefit and thus the buying decision: 
there must be a “return on investment”. But this return 
cannot always be measured in economic terms. It depends on 
various factors. First, the different types of  user groups and 
use cases have to be considered. One example: customer 
attributes that are collected from the real end consumers tend 
to be linguistic and usually non-technical in nature [Jiao and 
Chen, 2006]. It is difficult for engineers to translate them into 
concrete product and engineering specifications. Business 
customers, however, will have another benefit-perception, 
depending on their business targets and philosophy. 
Furthermore, special attention will have to be given to the 
differences that are inherent to the type of  offering towards a 
recipient: whether it is a product or a service. A service is not 
storable in contrast to a product, seldom transferable and in 
every case, personal. Production and consumption of  a 
service mostly coincide [Suh, 2001]. While a product is 
“tangible” in the truest sense of  the word, a service represents 
only a relatively vague benefit promise. It is therefore 
especially important to make the value of  the service visible 
and measurable for the customer.  

For business-to-business (B2B), the value definition can 
be precisely determined. The (industrial) user of  a product or 
an industrial service – mostly a producer of  goods or services 
himself  – measures the benefit of  the purchased product, 
component or service in its contribution to the increase of  
economic value added (EVA) to his or her own application, 
alternatively also describable by the return of  investment 
(ROI, see Figure 2). In both cases, mathematically or 
analytically connected systems of  key performance indicators 
(KPI) help to decompose the general value measurement 

indicator to more detailed operational levels. The “leafs” of  
these KPI-trees represent potential areas of  customer benefit 
on a very detailed CA-level. 

Figure 2 shows the CA-tree based on the ROI system 
[Franzellin et al., 2010]. Generally it can be stated that with a 
more detailed level of  tree decomposition the importance of  
industry-sector-specific needs increases. According to practical 
experiences, this usually happens starting from the seventh 
level. 
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Figure 2. The ROI tree [Franzellin et al., 2010]. 

Unlike classic Axiomatic Design theory which propagates 
the decomposition using the so called zigzagging between two 
domains (usually FR and DP, but also between DP and PV), 
the development of  the CA-tree is decomposed only within 
the customer domain in order to maintain the solution neutral 
exploration of  customer needs and benefits [42]. 

Starting from all of  the (theoretically possible) areas of  
customer benefit in the decomposed CA-tree, customer group 
specific weights have to be defined in the next step. This is 
done by means of  customer interviews using the logic of  the 
CA-tree as an interview guideline.  

For example, a producer of  bathroom accessories has 
wholesale, specialized retail and plumber shops as possible 
customer focus groups in the distribution chain. However, 
each of  these groups emphasizes different key aspects of  
needs which can be explored only by focus interviews.  

In our example, the interviewed focus group of  the 
plumber shops paid particular attention to cost aspects of  
“design to assembly” in order to reduce their own assembly 
times, and on revenue side to a good sales support (e.g. 
regional show rooms). On the cost side, wholesale 
emphasized efficient logistics (e.g. route related pre-sorted 
delivery goods on the truck in order to facilitate distribution), 
and on the revenue side it emphasized the introduction of  
unbranded products for the completion of  their own product 
spectrum. However, the development of  the CA-tree alone 
does not give enough insight for a customer needs based 
product or service design and development, as it delivers only 
“static” areas of  customer benefits and needs. Moreover, 
these might be colored by current economic side conditions, 
strategic measures, etc. 

Besides these static aspects, time-dependent “dynamics” 
play an important role. Customer attributes may change over 
time depending on market (Figure 3), environmental or 
technological changes. Thus, future developments also have to 
be considered in the interviews. For this, elements of  the 
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Delphi technique [Grisham, 2009] were used in this research. 
(For further reading see: [Franzellin et al., 2010]). Therefore, 
customer focus groups related scenarios of  future trends and 
developments are prepared. During the interviews, customers 
are confronted with these scenarios and asked for their 
opinions and expertise regarding the probability and the 
timeframe of  their occurrence. At the end of  the interview, 
the customer benefit areas are again discussed, this time under 
the aspect of  the scenarios impacting markets and 
environmental conditions in the future.  
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Figure 3. The dynamics of  customer benefit perception 

[Suh, 2001]. 

In our case example, interviewees in the plumber shop 
focus group stated that given the scenario of  a stronger 
European trend towards renovation of  buildings rather than 
new constructions, a new need for a simple and modular 
exchangeability of  components would be of  interest.  

3.2 DEFINITION OF THE HYPOTHETIC DESIGN 
MATRIX 

Once the weighted and scenario proofed CA-areas are 
available (with comments), the most promising design trends 
can be identified by starting the definition of  the first FR level. 
The product or service design process then continues with the 
mapping between the Functional Domain (FR) and the 
Physical Domain (DM). As previously outlined, the design 
process converts Functional Requirements (FRs) into Design 
Parameters (DPs) through an iterative process called 
“zigzagging” [Suh, 2001]. The decomposition process starts 
with the decomposition of  the overall functional requirement.  

Glass Glass

Bonding

Bonded
screw joint

sealing ring 

Glas
 

Figure 4. The realized component design. 

In practice this should correspond to the top system 
requirement. Before decomposing to a lower level, the DPs 
must be determined for that level in the Physical Domain.  

This step helps to produce a set of  “hypothetical” design 
matrices: We call them “hypothetical” because they do not 
represent the final setup for the product or service design but 
serve to collect customer feedback on the hypotheses of  
future product or service offerings. 

Back again to our example, the evaluation of  the interview 
results with plumber shops had shown – amongst others – a 
particular interest in the interchangeability of  handles at the 
glass doors of  shower envelopes. However, this possibility is 
currently not given due to different bore diameters and/or 
their different positions. Combined with the previously 
described findings, the following CAs may be determined as 
follows: 
− reduction of  assembly times at the installation site 
− sales support by promotional measures and means, 

especially by providing exhibition spaces as plumber 
shops usually do not have such sales related 
infrastructure 

− simple interchangeability of  components 
Starting from these identified fields of  customer benefit, 

two main focuses can be derived: (a) sales support, and (b) 
product development/improvement. In this paper, we will just 
show the example of  the product improvement. For this, the 
customer benefit can be summarized as follows: 

“Simple, fast and free of  play assembly and disassembly 
of  different handles on glass sheets”. As constraints we define 
the minimization of  production cost to preclude expensive 
high-tech-solutions, and the prevention of  glass breakage on 
the installation site due to faulty assembly. 

On this basis, suitable FRs are defined on the highest 
level of  detail: 

FR1  Ensure fast and simple assembly and disassembly 
on the installation site 

FR2  Allow a detachable and free of  play assembly of  
different handles even with long momentum arm 
on a sheet of  glass with (nearly) freely adjustable 
mounting angle  

In a next step, first level DPs are assigned: 
DP1 With standard tools easy detachable union (slotted 

headless screw, Phillips screw or socket head screw) 
DP2 Zero-backlash mating of  the system glass/fixing 

device/handle by frictional grip 
Now the design has to be checked whether it fulfills the 

Independence Axiom: 
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The influence of  DP1 on FR2 cannot be evaluated at this 
point in time because a defined force application might 
request the use of  a dynamometric key. However, the design 
matrix is triangular and thus fulfills the Independence Axiom 
(decoupled design). For FR2, the design cannot be finalized on 
this level of  detail; it has to be further decomposed: 

FR21 Assure frictional connection without breaking or 
damaging the glass during fixing of  door handle 

FR22 Identical junction for all handle-types with freely 
adjustable mounting angle  
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FR23 Assure detachability of  junction  
The following DPs were derived: 

DP21 Adhesive bonded joint between glass sheet and 
adapter with play and conical shape of  coupling 
between glass-sided adapter and handle 

DP22 Rotation-symmetric coupling between glass-sided 
adapter and handle 

DP23 Screw fitting with commercially available machine 
bolt between the bipartite connector system 

The design matrix shows a decoupled and thus 
potentially good system design:  
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Coupling in the lower triangle of  the matrix still exists as 
a result of  the frictional connection generated by the cone-
screw-system and thus calls the designer’s attention to the 
right choice of  cone-angle and material combination between 
the two connecting parts. 

As this example (Figure 4) helps to illustrate the 
methodological procedure, no further details will be discussed.  

3.3 CUSTOMER PROFILING 
Within this phase, the characteristics of  the 

product/service are correlated to the profile of  the customer 
with the highest potential. This allows the completion and/or 
revision of  the nominated product specifications. On the 
basis of  a representative set of  test cases, the cross-functional 
research team has to check the sellable product values and the 
affinity of  the product concept with the other customer 
profiles. The product/service specifications are checked 
further on regarding commercial aspects and targeting 
objectives. The profile of  the customer with the highest 
potential is clearly defined. The result of  this phase is the 
definition of  a suitable procedure for customer profiling and 
the definition of  the specifications for the subsequent start of  
the innovation and product design process. 

In our case example, a first prototype was presented to 
the heterogeneous visitors of  a specialized trade show. The 
feedback was collected, structured and evaluated. Further 
research will be dedicated to the testing of  different 
alternative methods regarding their suitability for this step. 

Feedback from visitors was very positive; however, 
skepticism was shown regarding the mechanical characteristics 
of  the system under load. Many visitors thus applied heavy 
force to the system until the system started to ease. After the 
trade show, technicians analyzed the effects of  the mechanical 
fatigue and started to optimize the system by using different 
material combinations and grooved cone-surfaces. 

4 CONCLUSION 
In this paper an AD based methodology was presented 

that helps companies in the systematic search for innovative 
product or service fields. Through a consequent deduction of  
FRs and first DP hypotheses regarding a promising future 
product or service from a clearly defined description of  
(future) customer needs, a lead-user interview guideline is 
developed. The interview results reflect the customer group 

specific opinion pattern regarding the benefit perception of  a 
proposed (new) product or service. On the basis of  the 
feedback, more specific inputs for FR definition can be given 
which helps product designers to really follow a customer 
needs oriented design pathway.  

Future research will be focused on further evaluation and 
optimization of  the approach and applying it to different 
sectors and industries. Special attention shall be given to the 
use and testing of  different (existing) methods of  customer 
group specific interviews. Moreover, a research focus will be 
given to the development of  a more sophisticated Delphi 
method based trend analysis to better develop scenarios for 
the simulation of  time-dependent future changes and trends 
that might influence customer benefit perception. 
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ABSTRACT 
Recently, the modular design of  products has become 

increasingly popular in modern engineering design because of  
the various benefits of  modular products. These benefits 
include reduced cost, rapid product development and reduced 
production time. However, in many cases, the modules might 
have contradictions from the viewpoint of  the Independence 
Axiom because the modules are defined based on the physical 
relationships among components of  the product. On the 
other hand, modules which do not have contradictions can be 
defined using axiomatic design theory but the physical 
relationships are not considered in this case. The modules, 
therefore, may need additional treatment to implement in real 
product design because the physical relationships among 
components are important in real product design. To 
overcome the difficulty of  modular design, a new design 
method is proposed to design a modular product based on 
relationships among functional requirements (FRs) and 
physical relationships among design parameters (DPs) of  the 
product. Axiomatic design and the design structure matrix 
(DSM) are efficiently combined in the proposed method. FRs 
and DPs are defined based on the Independence Axiom of  
axiomatic design and the zigzagging process of  axiomatic 
design is employed for the decomposition of  FRs and DPs. 
After the decomposition, modules are defined using DSM to 
modularize the DPs at the bottom level of  the zigzagging 
process. A design example is demonstrated to validate the 
proposed method. The results are discussed and the 
usefulness of  the proposed method is presented. 

Keywords: modular design, Design Structure Matrix (DSM), 
function-based design. 

1 INTRODUCTION 
Engineering design can be defined as a process which 

determines the working principles, components, size and 
dimensions of  a product and evaluates the performances of  
the product [Haik, 2003]. Engineering design can be grouped 
into three stages such as conceptual design, preliminary design 
and detailed design based on the activities involved in each 
stage. Sometimes engineering design can be divided into 
conceptual design and detailed design [Ullman, 2003; Park, 
2007]. Conceptual design is carried out at the earliest stage of  
engineering design and the most important decisions 
including the overall functional requirements and 

characteristics of  a product are determined in this stage. Sizes 
and shapes of  components, on the other hand, are 
determined in the detailed design stage using numerical 
analyses and experiments. 

Engineering design, also, can be grouped into original 
design, adaptive design and variant design, or original design, 
redesign, configuration design, selection design and parameter 
design according to the intention at the beginning of  the 
design [Pahl and Beitz, 1984]. Variant design, which 
determines a new design by changing dimensions and shapes, 
includes redesign and parameter design. Adaptive design, on 
the other hand, includes selection design and configuration 
design. Original design is a design process which generates 
innovative and unconventional products or systems. 
Conceptual design is usually conducted at the original design 
stage. 

Although relatively less time and cost are used in the 
conceptual design stage, the decisions which are made at this 
stage affect all of  the following decisions and processes of  the 
product design. The impact of  the design decisions in the 
latter design stages such as detailed design is not large, but the 
wrong design decisions during the conceptual design stage can 
cause a major defect in the product. According to these 
important characteristics of  conceptual design, research about 
design methods and/or methodologies of  the conceptual 
design is an important research area of  engineering design. 

There is some research about the conceptual design stage 
and this research can be classified into solution-oriented 
methods and problem-oriented methods. Solution-oriented 
methods are heuristic methods which focus on finding 
solutions. Brainstorming and synectics are the most popular 
design methods of  the solution-oriented methods. Problem-
oriented methods, on the other hand, are systematic methods 
which focus on the design problems and try to figure out the 
characteristics of  the product. Problem-oriented methods 
include Axiomatic Design [Suh, 2001, 2005, 1995; Lee, 2003; 
Do and Park, 2001] and the function-based design method 
[Ullman, 2003; Pahl and Beitz, 1984; Hubka, 1982; Cross, 
1994; Ulrich and Eppinger, 2008; Stone and Wood, 2000]. 

Solution-oriented methods depend on the abilities of  
designers because solution-oriented methods guide designers 
to generate a conceptual design by increasing the designer’s 
creativity and/or avoiding stereotypical thinking. Solution-
oriented methods are sometimes helpful but the design results 
may vary by the experience, intuition and characteristics of  
the designers [Goel, 1984]. Moreover, solution-oriented 
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Figure 1.  Design procedure of  a function-based design 
method.
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Figure 3. Example of  a pay-and-display ticket machine.

methods do not guarantee a solution. These difficulties are the 
reason why conceptual design is considered to be an art which 
is mainly affected by creativity and intuition. 

Problem-oriented methods, on the other hand, guide 
designers to generate a conceptual design using systematic 
approaches. Most of  the problem-oriented methods such as 
axiomatic design and the function-based design method 
propose a similar approach to generate a conceptual design. 
The approaches adopt the same scheme which divides a large 
design problem into manageable small sub-problems and then 
searches for solutions to the sub-problems. Designers can 
obtain a conceptual design by summing the solutions of  the 
sub-problems in axiomatic design and the function-based 
design method. 

Although the proposed systematic approaches of  
axiomatic design and the function-based design method are 
useful in the conceptual design stage, the two design methods 
have some difficulties in generating conceptual designs. 
Axiomatic design theory provides some guidelines to 
designers, but its success depends on the designer’s ability to 
define the sub-problems. On the other hand, the function-
based design method requires knowledge about the final 
solution of  the conceptual design problem. Designers, 
therefore, can define sub-problems based on the knowledge 
about the potentially determined concept design. 

A new concept design method is proposed in this 
research to overcome the difficulties of  the current 
conceptual design methods. Axiomatic design and the 
function-based design method are combined to overcome the 
difficulties of  each method. The proposed method uses a 
similar scheme which divides a large conceptual design 
problem into small manageable sub-problems. However, the 
difficulties of  axiomatic design and the function-based design 
method are overcome by combining the zigzagging process of  
axiomatic design and the function-based design method. 
Moreover, the Design Structure Matrix (DSM) is adopted and 
combined in the proposed method to define modules and 
parts considering the manufacturing process of  the product.  

The proposed design method is expected to generate a 
conceptual design using systematic processes. Moreover, the 
obtained conceptual design has modular parts and modules 
which can be used in the manufacturing process of  the 
product. The proposed design method is adopted to design 
some examples to validate the method and the results are 
discussed. 

2 BACKGROUND THEORIES 
2.1 FUNCTION-BASED DESIGN METHOD 

The function-based design method is one of  the well-
known design methods in the conceptual design stage. The 
function-based design method of  Pahl and Beitz [1984] and 
Hubka [1982], which represents European design research, 
has spawned many variant methods by N. Cross [1994], D. 
Ullman [2003], K. Ulrich and S. Eppinger [2005], and R. Stone 
and K. Wood [2000]. Regardless of  the variations in the 
methods, all function-based design methods begin by 
formulating the overall function of  a product. Then, the 
overall function is decomposed into small, easily solved sub-
functions. A conceptual design can be obtained by defining 
sub-structures which satisfy the corresponding sub-functions 
and then summarizing the defined sub-structure into an 
overall structure. The design process of  the function-based 
design method is shown in Figure 1. 

In the function-based design method, conceptual design 
starts by creating a black box model, which is a graphical 
representation of  a product function with input/output flows 
of  the materials, energy and signal as shown in Figure 2. 
Although axiomatic design does not consider the flows of  the 
materials, energy and signal explicitly, the function-based 
design method uses the flows to generate a concept design. 
Input and output flows of  the black box are defined based on 
the customer needs. 
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An example of  a black box model for a pay-and-display 
ticket machine is shown in Figure 3(a). The overall function 
of  the pay-and-display ticket machine is then decomposed 
into sub-functions considering flows as shown in Figure 3(b). 
A defined sub-function can be decomposed into more levels 
of  detail until the sub-functions are simple enough to solve 
easily. The decomposed functions are connected with 
materials, energy and signals just like a network diagram. The 
network diagram is called a function structure. After the 
decomposition of  functions, sub-structures which satisfy the 
corresponding sub-functions should be selected. And then a 
conceptual design can be obtained by summing the selected 
sub-structures into an overall structure. 

In the function-based design method, each sub-function 
should be expressed as a verb-object pair. It is very similar to 
the functional requirements of  axiomatic design which is 
defined by an imperative sentence. Because the function is 
defined as a description of  an operation to be performed by a 
product, a function and sub-function of  the function-based 
method is identical to the functional requirement of  axiomatic 
design. Moreover, because a structure is selected to satisfy the 
corresponding function, structure and sub-structure of  the 
function-based method, this is identical to the design 
parameter of  axiomatic design. 

Although the function-based design method provides a 
systematic technique to design a product, the design method 
has some limitations in the conceptual design stage. First, a 
function cannot be decomposed in a useful way without being 
guided by the knowledge of  existing solutions. The defined 
structure which is selected to satisfy the corresponding 
function may have critical contradictions. This means that a 
structure can have a negative effect on the other functions. It 
is the same concept as the coupled design of  axiomatic design. 
To adopt the function-based design method at the conceptual 
design stage, these limitations are removed by combining 
axiomatic design and the function-based design method in this 
research. 

2.2 DESIGN STRUCTURE MATRIX 
“The Design Structure Matrix (DSM) is a popular 

representation and analysis tool for system modeling, 
especially for the purposes of  decomposition and integration. 
There are four types of  DSMs: component-based, team-based, 
activity-based and parameter-based and each of  the four 
applications is applied to system decomposition and/or 
integration problem in Table 1 [Sosa et al., 2000; Steward, 
1991; Browning, 2002].” [Hong and Park, 2009] 

“Among the four types of  DSMs, component-based 
DSM is used for modeling system architectures based on 
components and/or subsystems and their relationships. The 
component-based DSM represents the system in terms of  the 
relationships between its constituent components and the 
represented system is decomposed into several sub-systems to 
define modules of  the system. In general, modules can be 
defined by the following three steps [Sosa et al., 2000] and the 
process is shown in Figure 4.” [Hong and Park, 2009] 

“A component-based DSM documents interactions 
among elements in a system architecture. The number and 
definitions of  the interaction types can be different based on 
the given design problem. The interactions should be 

quantified to describe the strengths of  the relationships 
between the elements. The quantification can be different 
based on the design problems. After the interactions have 
been quantified, the next step is to cluster the elements into 
modules. There are several algorithms to cluster the elements 
including a genetic algorithm (GA), fuzzy logic, distance 
penalty algorithm [Rissanen, 1983], and so forth. Figure 5 
illustrates an example of  the component-based DSM of  a 
climate control system of  an automobile researched by Sosa et 
al. [2000].” [Hong and Park, 2009] 

“Although DSM provides a powerful technique for the 
analysis and decomposition of  a complex system, DSM 
presents some difficulties to reflect the relationships between 
the functions of  the system and elements of  the DSM. 
Therefore, how to design the system with the clustered 
modules and/or elements is still an issue to be solved. To 
overcome this difficulty, a new decomposition method which 

Figure 4. Decomposition process of  component-based DSM.

(a) DSM of  a climate control 
system example 

(b) Clustered DSM of  a climate 
control system example 

Figure 5. DSM example for an air-climate control system 
of  an automobile (adopted from Sosa et al. [2000]). 

Decompose the System into Elements

Document the Interactions between Elements

Cluster the Elements into Chunks 

Table 1. Four Types of  DSM. 

DSM Data 
Types Representation Application Analysis Method

Component-
based 

Multi-component 
relationships 

System architecting, 
engineering and design Clustering 

Team-based Multi-team interface 
characteristics 

Organizational design, 
interface management, 
team integration 

Clustering 

Activity-based Activity input/output 
relationships 

Project scheduling, 
activity sequencing, cycle 
time reduction 

Sequencing & 
Partitioning 

Parameter-
based 

Parameter decision 
points and necessary 
precedents 

Low lever activity 
sequencing and process 
construction 

Sequencing & 
Partitioning 
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can consider the relationships between the functions and 
elements is required.” [Hong and Park, 2009] 

3 CONCEPTUAL DESIGN METHOD 
3.1 CONCEPTUAL DESIGN METHOD USING THE 

AXIOMATIC DESIGN THEORY AND FUNCTION 
ANALYSIS MODEL 

In axiomatic design theory, hierarchies are generated by 
the zigzagging process. The functional requirements of  the 
sub-level are determined by the characteristics of  the design 
parameter in the upper-level and the design parameters of  the 
sub-level are selected to satisfy the corresponding functional 
requirements at the same level in the zigzagging process. The 
zigzagging process explains that the sub-level functional 
requirements should be decomposed by considering the 
upper-level design parameter, but does not explain how the 
sub-level functional requirements can be decomposed 
considering the upper-level design parameter. Currently, sub-
level functional requirements are decomposed based on the 
designer’s knowledge and experiences. Therefore, it is difficult 
for a designer to design a product using the axiomatic design 
theory in the conceptual design stage. A decomposition 
strategy, therefore, is required for conceptual design using the 
axiomatic design theory. 

In the function-based design method, upper-level 
functions are also decomposed into sub-level functions. 
Because functions are decomposed based on the relationships 
and flows of  materials, energy and signals of  the product, 
decomposition of  functions is more objective and systematic 
then the axiomatic design theory. Sub-level functions are 
decomposed based only on the upper-level function. However, 
the decomposition process of  the function-based design 
method has two problems. First, to decompose a function 
into sub-level functions, designers should have some idea 
about the product [Chakrabarti and Bligh, 2001]. That means 
the decomposition process of  the function analysis model can 
be performed with the product implicitly. Because a designer 
does not have information about the final product in the 
conceptual design stage, there are some difficulties to adopt 
the function-based design method at this stage. And then, the 
decomposed sub-level functions may contain contradictions 
which can make the product difficult to design [Hubka, 1982]. 
Because of  these two problems, the function-based design 
method is difficult to adopt at the conceptual design stage. 

In this research, the two conceptual design methods are 
combined to overcome the difficulties of  the two design 
methods. The zigzagging process of  the axiomatic design 
theory and the function analysis technique, which uses 
relationships and flows of  materials, energy and signals among 
the functions, of  the function-based design method are 
combined to decompose the functional requirements and the 
Independence Axiom is utilized to define the design 
parameters to satisfy the decomposed functional requirements. 
As mentioned earlier, the functions of  the function-based 
design method are requirements which should be satisfied by 
the product and the structures are physical objects which 
satisfy the defined functions. The functions, therefore, can be 
considered as functional requirements and structures can be 

considered as the design parameters of  the axiomatic design 
theory. 

The schematic drawing of  the proposed design method is 
shown in Figure 6. First, the functional requirements on the 
top level should be defined. Relationships among the 
functional requirements are considered based on the same 
techniques of  the function-based design method in this stage. 
Design parameters then are selected to satisfy the 
corresponding functional requirements on the same level. The 
Independence Axiom should be satisfied at this stage. After 
the top-level design parameter selection, the sub-level 
functional requirements are defined based on the 
characteristics of  the defined top-level design parameters and 
the relationships among the functional requirements from the 
viewpoint of  materials, energy and signals. These processes 
continue until the bottom level is reached. 

In the proposed method, the difficulty of  the axiomatic 
design theory which depends on the designer’s knowledge and 
experiences to decompose a functional requirement can be 
resolved by using the relationships and flows of  materials, 
energy and signals of  the function analysis model. One 
difficulty of  the functional analysis method which needs 
information of  the final product can be overcome by using 
the zigzagging process of  the axiomatic design theory. And 
the other difficulty of  the function-based design method, 
which may contain contradictions among decomposed 
functions, can be resolved by adopting the Independence 
Axiom of  the axiomatic design theory. 

3.2 DECOMPOSITION METHOD IN CONCEPTUAL 
DESIGN 

Because the definition of  functional requirements and 
the generation of  design parameters which satisfy the 
corresponding functional requirements is the most important 
part of  concept design, most design methods propose 
techniques and/or guidelines to generate functional 
requirements and design parameters systematically during the 
conceptual design stage. The proposed conceptual design 
method, as explained in the previous section also proposes a 
functional requirement definition technique and a design 
parameter generation technique by combining the axiomatic 
design theory and the function-based design method. 
Hierarchies of  functional requirements and design parameters 

Figure 6. Concept design method using axiomatic design and 
the function-based design method. 
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and relationships among the functional requirements and 
design parameters can be obtained from the proposed method. 
The final concept design can be obtained by composing the 
generated design parameters but how to construct a physical 
object by composing the design parameters still remains as a 
problem to finalize the concept design. It is not only a 
problem of  the proposed design method but also a problem 
of  most existing design theories. 

In this research, the Design Structure Matrix (DSM) is 
adopted to overcome the presented problem. Generally, DSM 
is used to define modules of  a product using interactions 
among parts and components in the product. If  design 
parameters can be grouped as modules using DSM, then a 
physical object can be constructed using design parameters 
more easily in the concept design stage. Although DSM has 
this excellent characteristic to construct a physical object, 
DSM is not adopted at the conceptual design stage because 
interactions among parts and components of  a product are 
required to define modules. However, the proposed design 
method in the previous section can be linked with DSM 
because the method uses the function-based design method to 
decompose functional requirements. 

In the function-based design method, functional 
requirements are decomposed based on the relationships 
among the functional requirements. The relationships can vary 
by product but are generally defined from a viewpoint of  
materials, energy and signals in the function-based design 
method. The network diagram of  Figure 7 shows the 
relationships of  a product which is decomposed with the 
function-based design method. Figure 7(a) shows the 
relationships among the functional requirements and Figure 
7(b) shows the relationships among the design parameters 
which satisfy the corresponding functional requirements of  
Figure 7(a). Because the design parameters are selected to 
satisfy the corresponding functional requirements, the 
network diagram of  design parameters of  Figure 7(b) has 
same the relationships of  the network diagram of  functional 
requirements. 

The types of  relationship of  the function-based design 
method are very similar to the types of  interaction of  DSM. 

The types of  interaction for DSM also can vary with products 
but generally spatial, materials, energy and signal interactions 
among components are used in DSM. And the meaning of  
the relationships of  the function-based design method and the 
interactions of  DSM are nearly the same as well. Therefore, 
the meaning of  the network diagram of  the function-based 
design method can be considered as identical to the meaning 
of  DSM. To compare the network diagram of  the function-
based design method and DSM, the network diagram of  
Figure 7(b) is transformed to a square matrix form as shown 
in Figure 8(a). The square matrix of  Figure 8(a) is called a 
precedence matrix and shows the relationship among 
elements of  the network diagram [Chakrabarti and Bligh, 
2001]. The matrix representation of  the network diagram can 
be considered as a DSM because the matrix contains the same 
information and has the same matrix form. The square matrix 
of  Figure 8(b) can be obtained by clustering the matrix of  
Figure 8(a). The elements in the bold lined rectangular can be 
a module or part for the product and three modules and/or 
parts are obtained in Figure 8(b). 

In this research, the concept design method of  the 
previous section is linked to DSM to construct physical 
objects based on the concept design. Although a concept 
design can be obtained from the proposed design method, 
construction of  a physical object based on the concept design 
is a totally different problem. To construct a physical object, 
DSM is adopted as shown in Figure 9. The bottom level 
network diagram which consists of  design parameters and the 
relationships between them are used to generate a DSM and 
clustering of  the DSM is performed to define modules and 
parts of  a physical object. The physical object can be obtained 
with the defined modules and parts more easily and 
systematically with the proposed design method and DSM. 

3.3 DESIGN PROCEDURE OF THE PROPOSED 
METHOD 

A concept design can be generated by the following steps 
and the process is shown in Figure 10. 

Step 1. Define functional requirements of  the top-level 
based on the relationships among functional 
requirements from the viewpoint of  materials, energy 
and signals  

Step 2. Define design parameters which satisfy 
corresponding functional requirements of  the same 
level. The Independence Axiom should be satisfied in 
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this stage. 

Step 3. Decompose the sub-level functional 
requirements based on the characteristics of  the 
defined upper-level design parameters. Relationships 
among functional requirements from the viewpoint of  
materials, energy and signals are should be considered 
in this step. 

Step 4. If  the bottom level of  the hierarchy is reached, 
then go to Step 5. Otherwise go back to step 2. 

Step 5. Generate the DSM using the bottom level 
design parameters and relationships among them. 

Step 6. Cluster the generated DSM to define modules 
and parts. 

Step 7. Construct a physical objective using the defined 
modules and parts. 

The proposed design method adopts the axiomatic 

design theory, the function-based design method and DSM to 
generate a concept design and to construct a physical object 
based on the concept design. Because independence among 
functional requirements and design parameters remains during 
the conceptual design process, the product can be designed 
systematically without feedback. 

4 DESIGN EXAMPLE: DESIGN OF THE TILT 
MECHANISM OF A STEERING COLUMN 

The steering column is a part of  an automobile in which 
the drivers can control the moving direction of  the 
automobile. It is connected with the steering wheel and an 
intermediate shaft as shown in Figure 11. The main function 
of  the steering column is to transmit torque from the driver to 
a rack and pinion but the most complicated part of  the 
steering column is the tilt mechanism part. The tilt/telescopic 
mechanism enables the drivers to change the steering wheel 
up/down and in/out position for the driver’s convenience as 
shown in Figure 12. Although there is a tilt/telescopic column, 
the tilt column is generally used in most automobiles. 

 In this paper, the tilt mechanism of  a steering 
column is selected as a concept design example. To change the 
up/down position of  a steering wheel, human force is 
selected to input the tilt mechanism. The black box model of  
the tilt mechanism, therefore, is created as shown in Figure 13 
and top-level functional requirements are defined as follows: 

FR1: Release/restrain the tube assembly. 
FR2: Control the up/down position of  the tube 

assembly. 
FR3: Fix the tube assembly. 

Figure 12. Tilt/telescopic steering column

Tilt Telescopic

Figure 11. Steering column in an automobile.

Steering wheel
Steering column

Intermediate shaft

Rack and pinion

Tilt 
Mechanism 

Human force Wheel position

Figure 13. Black box model of  a tilt mechanism.

Figure 9. Concept design method using axiomatic design, 
the function-based design method and DSM. 
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Figure 10. Procedure of  the proposed design method. 
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 To satisfy the corresponding functional requirements, 
the design parameters are selected as follows: 

DP1: Vertical displacement generation mechanism  
DP2: Rotatable mounting fixture 
DP3: Frictions between plates 

The design equation is as follows: 
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Because the presented decomposition of  the tilt 
mechanism is not enough to generate a concept design of  the 
steering column, sub-level functional requirements should be 
decomposed considering upper-level design parameters. The 
function-based design method scheme is utilized to 
decompose the sub-level functional requirements. The sub-
level functional requirements are decomposed considering 
relationships, human force and wheel positions as shown in 
Figure 14 and the sub-level functional requirements are 
defined as follows: 

FR11: Transfer the torque from human to the left and 
right side of  the mechanism. 

FR12: Generate vertical displacement at the left side. 
FR13: Move the tilt plate at the left side. 
FR14: Generate vertical displacement at the left side. 
FR15: Move the tilt plate at the right side. 
FR2: Control the up/down position of  the tube 

assembly. 
FR3: Fix the tube assembly. 

To satisfy the decomposed functional requirements, 
corresponding design parameters are selected as follows: 

DP11: Shaped lever 
DP12: A bolt and nut (left side)  
DP13: Shaped mounting plate (left side) 
DP14: A bolt and nut (right side) 
DP15: Shaped mounting plate (right side) 
DP2: Rotatable mounting fixture 
DP3: Frictions between plates 

And the design equation of  the steering column is as 
follows: 
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Using the function structure of  the bottom-level as 
shown in Figure 15 (a), a DSM is constructed and clustered as 
shown in Figure 15(b). Figure 15(b) shows that DP12 and 
DP13, DP14 and DP15, and DP2 and DP3 have strong 
relationships among them. Because DP11 has a relationship 
with many design parameters, DP11 is difficult to group with 
any other design parameters. Based on the clustering result, it 
seems that DP12 and DP13, DP14 and DP15, and DP2 and DP3 
are better grouped as a module. Based on the presented results, 
the concept design of  the tilt mechanism can be obtained as Figure 14. Detailed function structure of  the tilt 

mechanism. 
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Figure 16. A schematic drawing of  a steering column 
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shown in Figure 16. The design results seem reasonable but 
the module which consists of  DP2 and DP3 seems impossible 
to group as a physical object in a real product. 

5 CONCLUSIONS 
In this research, a new design method is proposed to 

generate a concept design systematically in the conceptual 
design stage. Axiomatic design, the function-based design 
method and the Design Structure Matrix are adopted in the 
proposed design method. The zigzagging process and the 
Independence Axiom of  axiomatic design and the function-
based design method are combined to generate hierarchies of  
functional requirements and design parameters. DSM is also 
adopted to construct modules easily using the hierarchy of  the 
design parameters. The proposed design method is expected 
to improve the concept design results by reducing human 
error, and providing a proper process and sequence in the 
conceptual design stage. 

The proposed design method is verified with a tilt 
mechanism of  the steering column. A new tilt mechanism of  
the steering column is generated using the proposed design 
method. However, in the steering column example, there is 
one module which seems impossible to combine with a 
physical object. It seems that the generated DSM does not 
contain any information about spatial relationships among the 
design parameters. Further researches about how to consider 
the spatial information in the concept design is needed.  
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ABSTRACT 
In Object-Oriented Programming (OOP), classes play an 
important role as they model the real world through their 
attributes (features) and methods (behaviours). However, few 
attempts have been made to help manage complexity within a 
class (intra-class complexity). In this paper, the authors define, 
model and manage intra-class complexity using both 
Axiomatic Design (AD) and the Multiple-Domain Matrix 
(MDM). By combining the AD and MDM approaches as 
suggested in this paper, complexity within a class can be 
managed, and class performance can be improved with little 
additional effort for developers. 

Keywords: Intra-class complexity, Axiomatic Design (AD), 
Design Structure Matrix (DSM), Multiple-Domain Matrix 
(MDM), Object-Oriented Programming 

1 INTRODUCTION 
Object-oriented (OO) programming techniques have 

been accepted as as the dominant programming paradigm 
over the past two decades [Misra and Akman, 2008]. 
According to its proponents, the objected-oriented approach 
provides better complexity management, improved project 
quality, and reduced project cycle time compared with the 
procedural programming paradigm [Booch, 1993]. In object-
oriented programming (OOP), classes are used to model a real 
world concept by incorporating its features (reflected as 
attributes) and its behaviours (reflected as methods). The 
concept of  a class enables programmers to model the real 
world and to code more efficiently through OO features such 
as dynamic patching, encapsulation, polymorphism, and 
inheritance [Deitel and Deitel, 2004]. 

However, because the functional requirements of  
modern software ever increase, the size of  software also 
increases dramatically. In 2001, the popular operating system 
Windows XP (2001) had nearly 40 million lines of  code (LOC) 
while Windows Server 2003 (2003) contained 50 million LOC. 
As an indicator of  growth in the size of  software, Windows 
NT 3.1 which was released in 1993 contained only 4-5 million 
LOC, and Windows NT 4.0 released in 1996 contained 11-12 
million LOC [Maraia, 2005]. As lines of  code and complexity 
are often correlated, more defects can be expected when the 
program size increases [Siau and Cao, 2001]. Additionally, 
while becoming more difficult to detect, the removal of  
defects before product delivery remains important due to their 

effect on customer satisfaction [Grady, 1992]. Therefore, 
reducing design complexity has the potential to play a strong 
role in improving the quality of  software systems through 
reducing defects in an object-oriented developing 
environment [Booch, 1993].  

To model system requirements, design details, and 
implementation methods, unified modelling language (UML) 
was proposed in the mid 1990s and completed in 1996. UML 
2.0 revision was released by Object Management Group 
(OMG) in 2005. Unified modelling language combines 
concepts from several different methods into object-oriented 
system development for specifying, visualizing, constructing, 
and documenting software [Siau and Cao, 2001]. Although 
UML has received criticism for being complicated, having 
inconsistent schema, and being ambiguous, it is considered the 
standard in software development modelling practice. 
Visualization of  the collaborative relationship between classes 
offers at least one means of  complexity management.  

At times, supporters of  UML even claim that simplicity is 
the main benefit of  UML [Kobryn, 1999]. However, few 
methods have been proposed to deal with complexity within a 
class even though several complexity metrics have been 
proposed by researchers [Subramanyam and Krishnan, 2003]. 
A lengthy class can not only be hard to understand by simply 
reading its code line by line, but it is also hard to maintain 
without a proper complexity management approach. Although 
much documentation such as class descriptions, usages, and 
even comments in a class are often available for developers, 
commonly these documents do not thoroughly explain how 
the class is organized and what relationships lie between 
different methods and attributes because the encapsulation 
feature of  OOP demands the hiding of  information from 
users.  

Therefore, it's necessary to adopt some techniques from 
an engineering perspective to reduce intra-class complexity in 
order to improve the efficiency of  coding and maintenance. In 
this paper, the authors propose a combined method of  both 
axiomatic design and the design structure matrix approach to 
help manage intra-class complexity. 

2 LITERATURE REVIEW 
The complexity of  the OO methodology has been 

noticed by researchers and practitioners. Several complexity 
measures have been proposed in order to predict software 
reliability and maintainability [Bandi et al., 2003].  
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Among all the proposed measures, lines of  code (LOC) is 
the simplest because it only counts instruction statements. 
Research done by Withrow suggests that there is a concave 
relationship between the number of  defects and module size 
[Withrow, 1990]. As the size of  a module increases, 
complexity may go beyond a developer’s comprehension and 
control and result in a higher defect rate. However, the LOC 
measure does not take human cognitive capability into 
consideration, and the LOC measure fails to provide the same 
results for software written in different programming 
languages having the exact same functions. 

Fundamental concepts and features of  OOP include class, 
object, instance, method, messaging passing, inheritance, 
abstraction, encapsulation, polymorphism, and decoupling 
[Noble, 1998]. Other research indicates that structural 
properties of  software components can add cognitive 
complexity for developers and testers during software 
development [Briand et al., 1999]. To measure cognitive 
complexity, Misra introduced a set of  complexity metrics 
based on cognitive weights to model complexity of  object-
oriented software [Misra, 2007]. According to Misra, the 
cognitive weights can be calculated as the extent of  difficulty 
or relative time for understanding a given piece of  software 
that was modeled by Basic Control Structures (BCS's). For 
sequence, branch, and iteration in BCS, the weights were 
assigned for one, two, and three respectively. The total 
complexity of  a class can be calculated simply by adding all 
weights together [Misra, 2007].  
 ∑= cW(CC) Complexity Class  (1) 
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Kim et al. describe complexity of  object-oriented 
software in a graphical way [Kim et al., 1995]. Rather than 
counting the number of  methods in a class, their graphs also 
describe the relationships between attributes and methods. 
First, they measure the reference probability which is defined 
by the following equation. 
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stands for the total weight of  all arcs connected to all nodes in 
the graph. Then, by using the entropy function shown below, 
the complexity of  class can be determined.  

 )(log
1

)()( ixpb
n

i
ixpXH ∑

=
−=  (4) 

Fothi et al. argue in their paper that their complexity 
measure works well for procedural programs [Fothi et al., 
2003]. They extend that measurement to OOP and define the 
complexity as the sum of  complexity of  the control structure, 
data types used, and data handling. Also, this method is based 
on graph theory. By counting connections between nodes in a 
graph, the complexity can be determined. Lange et al. suggest 
that the most popular modeling language UML is sometimes 
inconsistent, incomplete, disproportional, and information-
scattered [Lange et al., 2006]. Such features result in an even 
more complicated situation for programmers and developers. 
To solve this problem, they introduce a metric for managing 
defects of  UML. Class complexity is ranked in first place as 
they argue that classes play a critical role in a system. However, 
they do not propose any measurement for counting 
complexity in their paper. In addition to defining complexity 
for software, people also care about how to manage 
complexity in practice.  

Zhao et al. describe a dependence-based representation 
using a graph that is termed a system dependence net (SDN) 
[Zhao et al., 1998]. They argue that this kind of  representation 
not only represents object-oriented features but can also be 
used for concurrent object-oriented projects. Figure 1 below 
shows an example of  SDN. Although the dependency of  
classes is clarified in this graph, it is almost impossible to draw 
such graph when the number of  classes is beyond 100. Also, 
complexity within class is still not solved. 

3 MANAGING INTRA-CLASS COMPLEXITY 
WITH AXIOMATIC DESIGN AND DESIGN 
STRUCTURE MATRIX 

Although classes are used by developers to model the real 
world, they are invoked to carry out certain functions. 
Therefore, managing intra-class complexity must start with 
understanding functional requirements (FRs) and design 
parameters (DPs).  

Axiomatic design of  objected-oriented software systems 
(ADo-oSS) was introduced by Suh and Do [Suh and Do, 
2000]. The ADo-oSS framework starts with defining 
functional requirements (FRs) of  the software system, 
mapping between the domains and the independence of  
software functions, selecting the best design based on 
information content, decomposing functional requirements, 
design parameters and process variables, implementing object-
oriented programming, then finally representing the design 
with a design matrix, flow chart representation, and system 
control command (SCC) [Suh, 2005]. These steps are 
illustrated in Figure 2. Another example of  adopting 
Axiomatic Design approach in software design was made by 
Cengiz Togay et al. Their work combines axiomatic design 
theory and the component-oriented software engineering 
(COSE) process [Togay et al., 2008]. They believe this COSE 
can be matured, supported by the axiomatic design philosophy. 

Defining complexity within a class is important as 
different types of  complexity can be eliminated in different 
ways. According to Suh, there are generally two types of  
complexity, time-dependent complexity and time-independent 
complexity. Time-independent complexity can be divided into 
two parts, real complexity and imaginary complexity. The  
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Figure 1. System Dependence Net (SDN) [Zhao et al., 1998].  

former is defined as measuring uncertainty of  achieving 
functional requirements (FRs) while the latter occurs mainly 
due to lacking knowledge and understanding of  a design. 
Time-dependent complexity can be separated into 
combinatorial complexity and periodic complexity [Suh, 2005]. 
In software design, real complexity is often hard to measure as 
the nature of  software execution is not probabilistic in the 
same way as mechanical systems. Also, future events in 
software at the class level are more predictable the outcomes 
have been determined by programmers in advance. Therefore, 
the major complexity within a class can be classified as 
imaginary (cognitive) complexity. 

3.1 CONSIDERATIONS OF SOFTWARE DESIGN  
VERSUS AXIOMATIC DESIGN APPROACH 

Before starting to model complexity in a class from an 
axiomatic design perspective, several considerations from 
software design practice must be taken into account. These 
considerations include extensibility, modularity, reusability, 
readability, and the famous open/close principle.  

Customer
Attributes

Software
Product

Definition
Modules

Define FRs

Mapping

Decomposition
Identify classes

Establish Interfaces

Coding with System
Architecture

Build the software hierarchy

(Top-Down Approach)

Bu
ild

 th
e 

ob
je

ct
 o

rie
nt

ed
 m

od
el

(B
ot

to
m

-U
p 

Ap
pr

oa
ch

)

Identify Leaves
(Full Design Matrix)

 
Figure 2. Axiomatic design process for object-oriented 

software system [Suh and Do, 2000]. 

Bertrand Meyer first proposed the open/close principle 
in his book Object Oriented Software Construction (1998) [Meyer, 
2000]. This principle states that a class should be only changed 
for correcting error (close for modification) but should be 
extended to meet new functional requirements (open for 
extension) [Martin, 1996]. This principle actually is a summary 
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of  extensibility, modularity, and reusability. If  a class is closed 
for modification but open for extension, then this class can 
serve as an interface for other classes because its underlying 
structure will not be changed during extension. This 
characteristic is required by modularity, extensibility, and 
reusability. Although open/close principle mainly focuses on 
designing classes, it's also applicable for designing methods 
within a class. In other words, methods within a class should 
also conform to open/close principle.  

Readability is defined as the ease of  human readers to 
understand purpose, control flow, and operation of  source 
code. It is well known that carefully commented and named 
source code is easier to comprehend. The concept of  
modularity facilitates readability as functions are decomposed. 

The question is whether those considerations of  software 
design are compatible with philosophy of  axiomatic design? 
The answer is affirmative. Within a class, design parameters 
(DPs) are methods and that act on attributes (As) of  a class. 
Because methods are created to carry out a certain task such 
as reading input from a keyboard or outputting a string to a 
monitor, the concept of  method fits the concept of  DPs 
defined in axiomatic design theory [Suh, 2005]. If  methods 
(DPs) are created by obeying the open/close principle, the 
result should be a decoupled or an uncoupled design. Hence 
this fits the concept of  independence axiom as the axiom 
requires maintaining independence between different 
functional requirements.  

3.2 MANAGING AND REDUCING COMPLEXITY WITH 
DESIGN STRUCTURE MATRIX (DSM) AND 
MULTIPLE-DOMAIN MATRIX (MDM) 

Although the axiomatic design approach helps manage 
complexity within a class, there are still some issues unsolved. 
First, users of  the class commonly care about how to use the 
class instead of  how the class is developed. Thus, dependency 
between methods rather than dependency between FRs is 
more important to them. Second, the axiomatic approach 
presented above doesn’t take conflicts between attributes into 
consideration. Even if  two methods are independent, there 
may still be a conflict between them as reading and writing 
attributes can’t be done simultaneously (thread interference) 
without synchronizing or locking mechanism. To check this 
kind of  conflict, mapping between methods (DPs) and 
attributes (As) must be made in advance. 

4 CASE STUDY I 
In this section, a class from the authors’ previous work is 

taken as an example to show how to implement axiomatic 
design and the design structure matrix method to manage 
complexity within a class. In data-mining practice, acquiring 
data and indexing data into a database are often done before 
applying analysis to it. Figure 3 shows a class diagram 
(WebPageMiner) from UML diagram which is used to search 
patents from USPTO (United States Patent and Trademark 
Office) website and then save data to database for further use. 
In this class, 11 attributes and 21 methods are included which 
make the class totally more than 600 lines of  code in Java. 
Hence, it is complicated to understand by simply reading its 
program source code or its UML diagram. To manage the 
complexity of  this class, the first two tasks are defining FRs 

and mapping them into DPs. 

4.1 STEP 1: MAPPING FRS AT TOP LEVEL INTO DPS 
The top functional requirements of  this class are listed as 

follows. 
 

FR1: Create database and index table. 
FR2: Acquire a patent from USPTO web page. 
FR3: Save patent content (title, class, citation, referenced by, 
abstract, claims, description) into database. 
FR4: Save index information of  mined patents 
FR5: Release memory 

As stated earlier, DPs should be methods within a class as 
those methods will carry out tasks to satisfy certain 
requirements. Therefore, the following methods serve as DPs 
to satisfy five FRs above.  

 
DP1: Method createDB and createIndexTable 
DP2: Method extractPatentCotent 
DP3: Method savePatentContentToDB 
DP4: Method saveIndexInfo 
DP5: Method reinitiateObjects 
 

The design matrix can be written as equation 5. The 
lower case x in the matrix represents that FR3 can be carried 
out only after DP1 and DP2 have been successfully executed. 
However, FR3 mainly depends on DP3 as each method should 
maintain its independence to satisfy open/close principle. The 
design matrix can be written as an uncoupled one if  DPs are 
invoked in the designated sequence. As those FRs and DPs 
belong to the top level, some of  them are declared as public 
so they can be invoked outside of  the class. Exceptions are 
DP3, DP4 and DP5 which are declared as private methods 
because it's not necessary to invoke those functions manually 
outside of  the class.  
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4.2 STEP 2: ZIGZAGGING AND DECOMPOSITION 
Given top level DPs, FRs can be further decomposed 

into sub-level FRs. It’s true that one can decompose top FRs 
without writing down top level DPs. However, this will result 
in losing valuable structural information that may eventually 
cause a logical error. For example, if  sub-level DPs of  DP3 
were executed before DP1, the program will invoke an 
exception handling mechanism as one can’t save something to 
database before it is created. Therefore, it’s important 
decompose FRs with explicitly expressed DPs so that 
sequence of  logical execution can be preserved. As no more 
sub-function is required for FR1, decomposition starts from 
FR2. 
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Figure 3. Class WebPageMiner UML diagram. 

FR2 can be decomposed into the following lower-level FRs: 
 
FR2-1: Retrieve page content from USPTO website 
FR2-2: Check if  page content is correct. 
FR2-3: Acquire patent number. 
FR2-4: Acquire patent title. 
FR2-5: Acquire patent class. 
FR2-6: Acquire patent citation number. 
FR2-7: Acquire patent referenced by number. 
FR2-8: Acquire patent abstract. 
FR2-9: Acquire patent claims. 
FR2-10: Acquire patent description. 
 
Do the same to FR3, two low-level FRs must be satisfied. 

 
FR3-1: Create table for saving patent title, class, citation, 
reference by, abstract, claims and description. 
FR3-2: Save corresponding data to created table. 

4.3 STEP 3: MAPPING LOWER LEVEL FRS INTO DPS 
For FR2-1 to FR2-10, selected DPs are as follow. 
 

DP2-1: Method getContentPage 
DP2-2: Method checkBusyPage 
DP2-3: Method getContentPageNo 
DP2-4: Method getContentPageClass 
DP2-5: Method getContentPageTitle 
DP2-6: Method getContentPageLink 
DP2-7: Method getReferenceByNo 
DP2-8: Method getContentPageAbstract 
DP2-9: Method getContentPageClaims 
DP2-10: Method getContentPageDescription 

As those methods belong to DP2, they are all declared as 
private. Hence, invokation of  these methods is forbidden 
outside of  the class. The design matrix can be expressed as 
equation 6. 
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 For FR3-1 and FR3-2, their corresponding DPs are 
 

DP3-1: Method createPatentContentTable 
DP3-2: Method savePatentContentToDB 

 
Again, those two methods are declared as private and 

design matrix is written in equation 7. 
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4.4 STEP 4: BUILDING FLOW CHART 
Given equation 5, 6 and 7, a flow chart of  methods can 

be built. As Figure 4 shows, DPs in green box indicates that 
methods are public and can be invoked outside of  class. On 
the contrary, DPs in a red box suggest that methods are 
private to the class for information hiding purpose. Although 
equation 6 states that several DPs (e.g. DP2-3, DP2-4, DP2-5, etc) 
are independent, each of  them must be executed in order to 
retrieve all information. Therefore, those DPs are executed 
sequentially.  



Managing Intra-Class Complexity with Axiomatic Design and Design Structure Matrix Approaches 
The Sixth International Conference on Axiomatic Design 
Daejeon – March 30-31, 2011 
 

 

4.5 STEP 5: MANAGING AND REDUCING COMPLEX-
ITY WITH DESIGN STRUCTURE MATRIX (DSM) 
AND MULTIPLE-DOMAIN MATRIX (MDM) 

The flow chart of  the class not only provides invaluable 
information regarding class structure but also helps reduce 
complexity and improve readability. Users of  the class simply 
need to know how to invoke DP1 and DP2 in this program to 
achieve the goal as these two DPs are public to all users. Also, 
the sequence for invoking two DPs is provided in the flow 
chart. Therefore, the user should first call DP1 and then DP2. 
For the developer of  this class, the flow chart helps reduce 
complexity in several ways. First of  all, since the flow chart is 
built in accordance with the Axiomatic Design philosophy, 
one can expect that the open/close principle automatically fits. 
Second, debugging the class is much easier as the developer 
can perform root cause analysis relatively quickly by following 
the flow chart. Last but not least, the flow chart greatly 
improves readability as it can serve as the visualized form of  
API (application programming interface) documents. 

 
Figure 4. Flow chart of  DPs. 

However, as stated before, there are some unsolved issues 
such as undetermined conflicts and dependencies. Fortunately, 
one can take advantage of  DSM and MDM to circumvent 
those problems. The Design Structure Matrix is a matrix-
based complexity management tool which originates from a 
process focus by Steward [Steward, 1981]. For a system 
consisting of  multiple domains with multiple elements and 
multiple relationships, the Multiple Domain Matrix enables 
researchers to analyze the system's structure. Both DSM and 
MDM are clearly self-explanatory as figure 5 and 6 can 
thoroughly explain how DSM and MDM works. (For a similar 
matrix applied in axiomatic design between DPs and 

components, see [Lee and Jeziorek, 2004]. 
Table 1 illustrates the DSM of  DPs. The red box 

indicates that there is a loop in the DSM. Note that DP2-1 and 
DP2-2 are in a loop to check if  the page content is correct. 
However, FR2-1 and FR2-2 still maintain their independence. 
Attributes of  class can’t be correlated with each other without 
certain kinds of  manipulations. Therefore, constructing the 
DSM for attributes is not meaningful. As UML class diagram 
showed previously, there are eight private attributes The left 
three attributes are private static attributes that are used to 
invoke other classes. Hence, those three attributes will not be 
considered in this case. 

 
Figure 5. DSM versus flowchart [DSMweb.org, 2009]. 

 
Figure 6. MDM versus organization chart  [DSMweb.org, 

2009]. 
 

A1: content_of_patent_citation_no 
A2: content_of_patent_reference_by 
A3: content_of_patent_abstract 
A4: content_of_patent_claims 
A5: content_of_patent_description 
A6: content_of_patent_title 
A7: content_of_patent_no 
A8: content_of_patent_class 

Manipulations on attributes can be divided into three 
categories: read, write and initialization. Although initialization 
is a special type of  write, it is different from write since 
initialization commonly happens at the beginning of  the 
program or the end of  program (release resource). Therefore, 
it should be marked differently for clarification purpose. If  
initialization happens in the middle of  a program, developers 
and users should be aware of  it. 

An MDM is shown in Table 2. Unlike some MDM, all of  
the DPs and attributes (As) are bi-directional in the chart as 
they are inseparable. Without methods, attributes consume 
computer storage and memory meaninglessly. On the contrary, 
if  all methods in class don’t manipulate any attribute, then 
MDM is not necessary at all. The most important feature of  
the MDM is to help programmers to decide whether some 
methods can be invoked simultaneously via multithreading.  
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Table 1. DSM of  DPs. 

 
Table 2. MDM of  DPs and As. 

 
 
 
 

Step 1 

Step 3 

Step 2
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For example, DP2-4 doesn’t depend on DP2-3 when 
reading the DSM of  DPs; therefore, it is possible to arrange 
them into two threads for faster processing. When checking 
the MDM, one realizes that DP2-4 and DP2-3 don’t manipulate 
the same A. By performing those two steps, one can ensure 
that the two DPs will not conflict with each other. However, 
DP2-4 and DP5 will generate thread interference or a memory 
consistency error if  the conflict between them is not carefully 
managed. As the long purple dashed box shows in Table 2, 
both DP2-4 and DP5 attempt to write A6 which results in a 
conflict if  one tries to invoke two methods at the same time 
without calling synchronized methods. Generally, one can take 
three steps to decide whether two methods can be arranged 
for multithreading. The first step is to decide whether those 
two methods are dependent. If  not, step 2 is performed to 
locate all attributes in one method which will be read or 
written from MDM table. The third step is to search for 
conflict between manipulations of  attributes. As long as there 
is no conflict between methods and between attributes’ 
operation, the two methods are safe for multithreading even if  
no synchronization process is called. In addition to helping to 
improve class performance via the multithreading technique, 
the MDM also helps eliminate careless logical errors 
committed by developers. Take A6 as the example again, if  the 
green box R appears in front of  the red box W, it means the 
method DP3-2 attempts to read an attribute before another 
method has written it. This creates a logical error. 

MDM can be built only when all functional requirements 
have been decomposed thoroughly. If  there is any un-
decomposed FRs, the MDM will not be able to reflect the 
true structure of  the class. Therefore, it’s necessary to firstly 
implement an Axiomatic Design approach for decomposing, 
zigzagging and mapping followed by constructing a DSM and 
MDM to further reducing complexity. 

5 CASE STUDY II 
In case 2, class citMatrixConstruct is another class 

developed by the author that was used to calculate patent 
citation measures such as patent originality, generality, forward 
citation, etc. The result of  the program is saved to database 
for further analysis. Some of  methods in the UML chart 
below share exactly the same name as they are overloaded 
with different input parameters. 

5.1 STEP 1: MAPPING FRS AT TOP LEVEL INTO DPS 
The top functional requirements of  this class are listed as 

follows: 
 

FR1: Create database and index table. 
FR2: Acquire a patent from USPTO web page. 
FR3: Calculate measures and Save them to the database 
FR4: Release memory 
 

As stated earlier, DPs should be methods within a class 
because these methods will carry out tasks to satisfy certain 
requirements. Therefore, the following methods serve as DPs 
to satisfy the five FRs above: 
 

DP1: Method createDB and createIndexTable 
DP2: Method getPageContent 
DP3: Method StartCitMatrixConstruct 
DP4: Method reinit 

 
The design matrix can be written as equation 8. Again, 

this design is a decoupled one. 
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Figure 7. Class CitMatrixConstruct UML diagram. 

5.2 STEP 2: ZIGZAGGING AND DECOMPOSITION 
Given the top-level DPs, FRs can be further decomposed 

into sub-level FRs. FR2 can be decomposed into following 
lower level FRs: 

 
FR2-1: Retrieve page content from USPTO website 
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FR2-2: Check if  page content is correct. 
FR2-3: Acquire patent number. 
FR2-4: Acquire patent class. 
FR2-5: Acquire patent citation number. 
FR2-6: Acquire patent referenced by number. 
FR2-7: Acquire patent year. 
 

Doing the same to FR3, two low-level FRs must be 
satisfied:  

 
FR3-1: Create table for saving patent title, class, citation, 
reference by, abstract, claims and description: 
FR3-2: Calculate all measures 
FR3-3: Save corresponding data to created table. 

5.3 STEP 3: MAPPING LOWER LEVEL FRS INTO DPS 
For FR2-1 to FR2-10, the selected DPs are as follow. 

 
DP2-1: Method getContentPage 
DP2-2: Method checkBusyPage 
DP2-3: Method getContentPageNo 
DP2-4: Method getContentPageClass 
DP2-5: Method getContentPageLink 
DP2-6: Method getReferenceByNo 
DP2-7: Method getContentYear 
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 For FR3-1 and FR3-2, their corresponding DPs are 

 
DP3-1: Method createCitationMatrixTable 
DP3-2: Method getGenerality and getOriginality 
DP3-3: Method savePatentCitationMatrixToDB 
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5.4 STEP 4: MANAGING AND REDUCING COMPLEX-
ITY WITH DESIGN STRUCTURE MATRIX (DSM) 
AND MULTIPLE-DOMAIN MATRIX (MDM) 

Table 4 illustrates the MDM chart combined with DPs 
and attributes (As). As in the UML class diagram shown 
previously, there are private thirteen attributes (As). The left 
three attributes are private static ones that are used to invoke 
other classes. Hence, these three attributes will not be 
considered in this case. 
 

A1: PatentNo 
A2: Year 
A3: Class 
A4: Forward_cit 
A5: Backward_cit 
A6: Originality 
A7: Generality 
A8: Forward_imp 
A9: Forward_dis 
A10: Forward_lag 
A11: content_of_patent_citation_no 
A12: content_of_patent_reference_by 
A13: second_reference_by 
 
To check dependencies between methods, simply follow the 
three steps again. First, check whether the prerequisite 
methods have been implemented in DSM (from left to right). 
If  yes, proceed to step 2; if  no, one needs to be careful 
because  logical errors may happen. Second, check how many 
attributes (As) are related in the MDM with the methods that 
are to be checked (from top to down). The last step is to find 
out whether the writing and reading sequences for As are 
correct in the MDM (from left to right again). A variable 
should be initialized or written with some value first before 
reading; if  the variable is written twice or initialized again 
before reading, one should be aware of  the logical error. 

6 CONCLUSION 
In this paper, complexity within class is modelled and 

managed by means of  an Axiomatic Design approach and 
DSM/MDM. Building a design matrix and an MDM does not 
require laborious work, but the benefits are evident. 
According to the IDC report in 2008, the estimated cost for 
fixing software defects was between 5.2 million dollars to 22 
million dollars depending on the organization size. Another 
earlier released report showed that 72% of  surveyed 
companies realized their debugging processes were 
problematic: 25.5% said they were very often or even all of  
the time finding serious problems. These statistics suggest that 
software companies face challenges in patching up the holes 
they've made. To save costs and build robust software, it is 
necessary to change the ways in which complex software 
components are developed. Instead of  fixing bugs after 
software has been released, software engineers should design 
it in a reliable way and Axiomatic Design can help facilitate 
the design task. Complexity within classes can be managed 
with MDM, and complexity between classes can be modelled 
by UML. Combining those techniques together makes the 
goal of  making software with fewer bugs feasible. 
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ABSTRACT 
This paper introduces a new approach based on Axiomatic 

Design to simplify the process of  Tolerance Synthesis. The 
main advantage of  this approach is that all of  the information 
needed for the Tolerance Synthesis is easily included in the 
classical AD framework. The information that must be stored 
in the design matrices is mainly related to the production cost 
vs. tolerance curves and the tolerance chain needed for the 
synthesis phase. Tolerance Synthesis is currently one of  the 
most proficient ways to reduce the cost of  machined parts but 
its diffusion is limited by two main issues. First, the 
information needed for the synthesis is complex and difficult 
to manage.  Second, there is a cultural limit because often a 
concurrent approach is not fully used, especially by small and 
medium enterprises (SMEs), and often the tolerances are 
decided by the designers while the manufacturing process (and 
so the cost) is chosen by the process engineer. Both of  these 
issues could be solved by the use of  Axiomatic Design 
resulting in a greater use of  such approaches, especially for 
SMEs. The approach developed here introduces a cross level 
matrix to effectively represent the tolerance chain of  the 
product and the idea to store the cost-tolerance function as 
terms of  the DPs-PVs design matrix. The model developed 
has been applied to an industrial case study. 

Keywords: Axiomatic Design, Tolerance Synthesis, 
manufacturing cost. 

1 INTRODUCTION 
Starting from the criticism of  the classical approach to 

tolerance allocation, where the product designer chooses the 
tolerances following his experiences and common practices, 
the two step methodology of  Tolerance Synthesis [1] has been 
developed. The general idea is to divide the tolerances in two 
groups: the individual tolerances, that are characteristic of  a 
single product feature and could be associated with a single 
manufacturing process (i.e. the tolerance on the surface 
planarity is given by the milling machine and the process 
parameters used; the tolerance of  a diameter is due to the 
turning process and so on) and the functional tolerances that 
have a strong relation with the functionality of  the product (i.e. 
the interference of  a shaft-hole assembly influences the force 
needed to disassemble itself) and are due to many, usually 
different, manufacturing processes. The relation that links the 
functional tolerances to the individual tolerances is called the 

Tolerance Chain. For tridimensional products the evaluation 
of  the tolerance chain is not often an easy task. Many authors 
have proposed different approaches to obtain such data both 
using analytical or experimental approaches [Xu and Ji, 2002; 
Anselmetti et al., 2003]. 

In the classical approach, the allocation of  individual 
tolerances is carried out during the product design phase, but 
modifications can occur during the process design and 
manufacturing phases. The main problem is that design 
engineers, allocating individual tolerances, are often unaware 
of  manufacturing processes and their capabilities. The usual 
allocation process is based on the preliminary definition of  
the functional tolerance, the one needed to satisfy the 
functional requirement of  the product, and the subsequent 
evaluation of  individual tolerance values that could satisfy the 
functional need. This method gives good results only with 
skilled designers. It is time consuming, costly and lacks 
systematization. Its main weakness lies in the fact that when 
the designers give the tolerances on the individual dimensions 
they usually have an incomplete knowledge of  the 
manufacturing processes capabilities and tend to give stricter 
tolerances than necessary.  

On the other hand, the Tolerance Synthesis approach aims 
to include the choice of  the tolerance in the early stage of  the 
design, considering their values not only for the optimization 
of  a single characteristic, cost or performance, but taking into 
account both simultaneously. In order to meet this objective it 
is necessary to involve the competencies of  both the product 
and the process designers in the design process.  

The Tolerance Synthesis approach starts from the 
definition of  the functional tolerances and, using the tolerance 
chain, determines the individual tolerances using an 
optimization algorithm that aims to meet the functional 
tolerance goal and simultaneously reduce the manufacturing 
cost. Such an approach is able to reduce the manufacturing 
cost but does not stress the choices made by the product 
designer regarding the optimal value of  the functional 
tolerances. The main disadvantage of  such an approach is the 
complexity of  the operations that must be performed and the 
management of  all the data needed.  

The general idea of  this paper is to use the AD framework 
to also store the data needed for Tolerance Synthesis in order 
to let this approach become more usable and widespread for 
manufacturing companies (like SMEs) with less structured 
design processes.  
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2 TOLERANCE SYNTHESIS APPROACH 
 The need for a more systematic approach to this problem 

was expressed several years ago. In addition to the work 
pioneered by Bjorke [Bjorke, 1999], many other authors [Wu et 
al., 2009; Chase and Greenwood, 1988; Manarvi and Juster, 
2004] have given important contributions to the solution of  
the Tolerance Synthesis issue.  

A review of  the recent literature suggests that existing 
techniques for tolerance allocation can be grouped into three 
categories: traditional methods, methods focusing on 
manufacturing, and methods focusing on quality. 

Traditional tolerance synthesis methods are implemented 
separately in the design and the process planning stages. Some 
typical examples of  these methods are reported between the 
1970 and 1980 by Michael and Siddal [Michael and 
Siddal,1982], Speckhart [Speckhart, 1972] and Sutherland and 
Roth [Sutherland and Roth, 1975]. All of  these proposed 
models allocate the tolerances in the design stage, avoiding 
consideration of  the manufacturing processes associated with 
the tolerance during this selection. These approaches are 
focused only on the evaluation of  the tolerance chain and on 
the forecast spread of  the manufactured dimensional features. 
All of  these researches are the basis for the following 
implementation of  the more actual approaches such the ones 
based on the automated process selection [Roblens and Roy, 
2004] or the simultaneous optimization of  both quality and 
manufacturing cost [Campatelli and Del Taglia, 2004].  

The common assumptions of  all these works is that the 
functional tolerance and target value must be given by the 
product designer and cannot be discussed, while the search 
for tolerance chains and the allocation of  tolerances on 
individual dimensions is a process that can be automated and 
optimised looking for a solution that minimizes the total 
manufacturing cost.  

The approaches have developed some common steps that 
must be fulfilled: 
1. Identify, for each functional dimension, the dimension 

chain that determines it and the associated tolerance 
chain. 

2. Determine the cost-tolerance curves for manufacturing 
every part/feature involved in the tolerance chain. This 
curve should give, for every value of  tolerance, the 
minimum manufacturing cost achievable with an 
optimized process plan. For small variations in the 
desired tolerance, it could be derived by the modification 
of  the process parameters. For larger variations a change 
in the manufacturing process used is needed. The trend 
of  these curves is usually decreasing and their 
mathematical model is discussed later in this paper.. 

3. Find the tolerance for each dimension of  the chain so 
that the functional tolerance is respected and the total 
manufacturing cost (sum of  single parts manufacturing 
costs) is minimized. This could be obtained using one 
non-linear optimization algorithm. 

For the definition of  the tolerance chain, starting from the 
dimensional chain, two models are the most used: the Worst 
Case (WC) (1) and the Root Square Statistical (RSS) (2), whose 
mathematical model is: 
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Where TF is the functional tolerance, Ti are the individual 

manufactured tolerances, f is the function obtained, usually by 
geometric reasoning, that links the functional dimension to 
the individual dimension and xi are the dimensions of  the 
chain. It could be noted that all the coefficient of  Ti  in the 
tolerance chain are additive also if  the derivates of  the f 
function are negative. The choice between the Worst Case or 
Statistical approach depends essentially on the degree of  
uncertainty that characterize the tolerance data. The Worst 
Case is a cautious approach that can be useful if  the 
manufacturing process used is not fully reliable for the 
required tolerance value. In the other case the Statistical 
approach is more a realistic one and can be used proficiently 
when all the part tolerances can be obtained reliably. 

For the cost-tolerance curves the models are many and 
depend on the field of  application. Among those most used is 
the one proposed by Chase [Chase, 1989] that links the cost to 
the tolerance using a reciprocal power function, whose 
coefficients are A, B and k (3). 

 
Cost = A + B/tk    (3) 
 
The trend of  this function is presented in figure 1. 
Once the cost-tolerances curves are defined the 

optimization is carried out selecting the value of  the individual 
tolerances that respects the constraints (4) or (5) (depending 
on the choice of  a WC or RSS tolerance chain computation 
method) and has a goal function (6) that minimizes the total 
cost. 

 
Figure 1. Trend of  cost-tolerance curve. 
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Where CF and Ci are respectively the costs of  the 
functional tolerance and the i-feature of  the tolerance chain 
and TF OB is the target value of  the functional tolerance. To 
this optimization technological constraints (7) could also be 
added that state that the possible tolerance value must be 
greater than the minimum feasible tolerance for the chosen 
technology.  
 

minii TTi ≥∀
     (7) 

 
Where the Ti min is the minimum tolerance that i-process 

could attain due to technological reasons. 

3 PROPOSED APPROACH 
The general idea is to integrate the classical AD approach 

with some additional information that would let the tolerance 
synthesis problem become a lot simpler. This approach is 
intended, obviously, only for physical products with special 
regards to high precision mechanical assemblies. A similar 
approach has been used by Goncalves-Coelho and Mourao 
[Goncalves-Coelho and Mourao, 2007] to find a better 
production process considering the overall process 
performance and the number of items to be produced. In this 
case the objective it is not to define the best process but to 
find the optimal production tolerance within a specific 
process, and later find the fit process parameter. The idea of 
using AD to represent a flow of information is proposed also 
by Leu et al. [Leu et al., 2009] where AD is used as framework 
for the design of complex systems and includes also the flow 
of information needed between the sub-systems. In this case 
the information flow has to be cross-level to link the 
functional characteristics, usually the first level FRs, to lower 
level components.  

The preliminary assumptions for this work are: 
• The FRs are related to the functionality of  the product 

and, in most of  the cases for a mechanical product, can 
be related to a functional dimension (DP) and the 
satisfaction of  this requirement can be evaluated starting 
from the tolerance of  the DP value. 

• Every DP (physical features) of  the decomposition tree 
could be attributed a tolerance; for the lowest level this 
tolerance could be associated with a geometrical feature 
and so to a specific manufacturing process while the 
upper levels are “calculated” tolerances. 

• The tolerance of  an upper level DP is given by the 
tolerances of  the lower level DPs in the same 
decomposition branch; the relation between the upper 
level DP and the other components is the tolerance 
chain that can be computed using the WC or RSS 
methods. 

• The PVs at the lowest level, the ones used to 
manufacture the geometrical features of  a mechanical 
product, can be associated with a curve cost-tolerance 
function. 

From these preliminary issues is possible to define which 
additional information must be added to the classical AD 
representation to implement a Tolerance Synthesis. These are 
detailed in the following list: 
• The FRs definition must be always analytical: the design 

range (tolerance) must be expressed for each FR. 
• The DPs must be characterized by a physical dimension 

that will be represented using a target value and a 
tolerance range. 

• The PVs of  the lowest level will be the real 
manufacturing processes responsible for the lowest level 
DPs and will be linked to a database of  cost-tolerance 
functions. 

• There will be the need to create a Tolerance Design 
Matrix (TDM) that will take an initial input from the 
DMs of  various level. This matrix will allow the 
construction of  the tolerance chain needed for the 
optimization. 

In general to be used this approach needs a lower than 
usual degree of  abstraction in the definition of  the design: 
FRs and DPs must all be measurable and the tolerance ranges 
for both must be defined. These constraints are hard to 
respect when considering processes or immaterial products, 
such as software, but they are well suited for mechanical 
assemblies.  

The innovative content of  this approach is the use of  the 
TDM to link the tolerances of  the upper level FRs to the 
basic manufacturing operations that produce the lowest level 
DPs. The TDM could be assembled starting from the upper 
level Design Matrix. The analysis of  the matrix could suggest 
which relation could be further expressed in a mathematical 
form and which are not consistent with the problem. In case 
of  an uncoupled design with a diagonal matrix, the tolerances 
of, for example DP2, will be given by the tolerances of  DP2xx 
only. In case of  a coupling between the DPs to satisfy the 
same functions the DP2 tolerance will be probably due also to 
the DP1xx or DP3xx elements. An example of  TDM is 
presented in figure 2. In this, the upper level DPs are reported 
as columns and the leaf  DPs are shown as rows. In this case, 
DP1 and DP2 are uncoupled while DP3 is coupled with DP1. 
Starting from the Design Matrix the designer could analyze, 
and eventually compute, the values of  the possible tolerance 
chain relations considering only the leaf  DPs indicated by the 
DM relation. In figure 2, for example, the designer needs to 
analyze only the values in bold, while the others could be 
automatically considered zero. The elements of  the matrix will 
be the sensitivity (partial derivate of  the function f  in (1) or 
(2)) with respect to the DPs. Only in the case of  a 1D 
tolerance chain could the value be simply 1 or 0. These values 
could be also negative depending on the dimensional chain of  
the DP; however these will be responsible for a positive 
contribution in the tolerance chain due to the mathematical 
form of  (1) and (2).  
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 Figure 2. Design matrix and Tolerance Design Matrix. 

The designer in this case is supported by the AD 
decomposition tree to create a list of  possible tolerances that 
create the tolerance chain. This first support to the Tolerance 
Synthesis process is enhanced by the organization of  all of  
the needed information for this process inside the AD 
framework. Once the Tolerance chain is built starting from 
the DMs information, it is possible to use the cost-tolerance 
information to apply an optimization algorithm that will give 
as output the best value for the DPs tolerances that will fulfil 
the functional requirements and simultaneously will minimize 
the manufacturing costs.   

In figure 3 is reported a scheme of  AD with the added 
link needed for tolerance synthesis. 

 

 
Figure 3. Scheme of  Tolerance AD, tolerance link in 

dashed line. 

In order to have a smooth transition to this approach a 
simple software program based on some Microsoft Excel 
sheets with embedded VBA code has been developed. Its 
functions are the following: 
• There is an automatic test of  the introduced DM in 

order to rearrange it and provide the indication of  its 
coupling degree. In case of  a coupled matrix the user 
must agree clicking on a pop-up menu to proceed. 

• The blank TDM is created starting from the indication 
of  the upper level DPs. This matrix must the filled with 
the sensitivity. 

• It allows user to choose the manufacturing process cost-
tolerance curves to be associated to the PVs from a 
database. 

• The tolerance synthesis is carried out thanks to the 
Microsoft Excel “Solver” algorithm automatically. 
 
A screenshot of  the software is reported in figure 4. 

  
Figure 4. Screenshot of  the developed software. 
 

4 CASE STUDY: FORTINI CLUTCH 
This approach has been tested on a famous case study, the 

Fortini clutch [15] that has been used for many evaluations of  
the efficiency of  the tolerance allocation approach. The 
product is a one way clutch assembly that is composed of  a 
hub, four rollers and a cage, as presented in figure 5. 

 

 
Figure 5. Scheme of  Fortini clutch assembly. 

The FRs and DPs decomposition of  this assembly is 
presented in figure 6. 

 

 
Figure 6. FRs/DPs of  clutch. 

The lowest level DPs have been connected with the 
related PVs to which also have been associated with the cost-
tolerance curve characteristics of  the specific manufacturing 
process and stored in a database, as presented in figure 7. 

The initially proposed tolerance values, for the three 
features of  the assembly, are reported in table 1 together with 
the B and k coefficients for the cost-tolerance curve of  the 
manufacturing process. The coefficient A represents the fixed 
costs so has no relevance for the optimization. The total cost 
of  this configuration is 5.42$. 

 
Table 1. Initially proposed tolerances for the assembly. 

Dimension Nominal 
Value 
(mm) 

Initial 
tol. 
(mm) 

B k

Hub width - a 55,00 0,10 0,10 -0,45
Roller radius - c 11,40 0,01 0,05 -1,13
Ring diameter - e 101,60 0,02 0,015 -0,79
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The functional dimension in this case is the contact angle 
(φ) between the rollers and the cage measured between the 
two lines from the centre of  the hub that connects the contact 
point and is tangent to the roller. In order to work properly it 
is generally assumed [Fortini, 1967] that the value of  this angle 
must be 7° ± 1°. The angle could be expressed by the 
function (8) using the Vector Loop approach [Chase, 1999]. 
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Deriving this function using the formula (1) is possible to 

define the tolerance chain and evaluate the sensitivity 
coefficient using the finite difference (9) and fill up the TDM 
that in this case will be very simple due to the presence of  a 
single functional tolerance DP11: 
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This could be written in the form of  a tolerance chain 

equation (10) and the optimization process could be carried 
out easily. 
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The result of  the optimization is responsible for a 

reduction in the cost of  the assembly of  about 21% (final cost 
4.30$) and new tolerance values for the three mechanical 
features, as reported in Table 2. It could be noted that the 
tolerance of  the less expensive process has been tightened 
while the other two have been widened. 

Table 2. Tolerance/cost for the assembly’s features. 
Dimension Initial tol. (mm) Final tol. (mm)
Hub width - a 0,10 0,05
Roller radius - c 0,01 0,012
Ring diameter - e 0,02 0,076
 

5 CONCLUSION 
The introduction of  a Tolerance Design Matrix in the AD 

framework allows designers to easily carry out a Tolerance 
Synthesis analysis in order to optimize the production cost. 
The TDM can be created starting from the FR/DP design 
Matrix, saving time for the designer (especially for complex 
products) and reducing the probability of  errors. This matrix 
would link the upper level DPs to the leaf  DPs in order to 
represent a tolerance chain. For optimization the cost-
tolerances curves also must be included as coefficients in the  
DP/PV design matrix. These values can be stored in a 
database, such as been created in the developed software.  

The AD framework added with this additional 
information becomes a powerful tool to easily perform the 
Tolerance Synthesis, increasing the use of  this complex, but 
cost-saving, approach to more cases. 

 
Figure 7. DPs/PVs of  clutch. 
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ABSTRACT 
This paper concerns the analysis of  Engineering Planning 

times for a Direct Fired Heater using a Six Sigma approach. 
The purpose is the validation of  congruency between 
scheduled engineering design activities and the performed 
ones. The analysis aims to discover the relationship between 
scheduled times and performed ones, trying to discern the 
causes that may create any delay/advance in delivery dates. 
This because any delay may create a “reactive” Over-Run 
(where Over-Run means every extraordinary time spent by a 
resource over his established labour time), or that may cause 
the delivery to be early, thus creating a “forecast” Over-Run. 

Since the Six Sigma methodology is strongly focused on 
an analytical approach in order to resolve any kind of  problem 
attacking the route-causes, this paper shows the flexibility and 
the power of  the methodology, even though this is a study 
(not a complete project), to achieve a better knowledge of  the 
process (planning times activities), by means of  numerical and 
statistical tools. In particular to improve the design of  
scheduling activities, the paper describes an application of  
Quality Function Deployment (QFD) and Axiomatic Design 
(AD) 

Keywords: Six Sigma, Over-Run, Schedule Variance, Budget 
Variance, QFD, AD 

1 INTRODUCTION 
Scheduling activities, although necessary, are Not Value 

Added (NVA) from the Lean perspective. The state of  the art 
shows that a Lean Six Sigma project rarely aims to resolve this 
kind of  problem, because even if  its importance is very easy 
to understand, it is difficult to determine a consistent Hard 
Savings related to them. In terms of  Soft Savings, they are 
potentially determined from a preventive action related to 
good scheduling. For this reason, scheduling activities are very 
critical for every company where the man-hours are their main 
effort for Value Production, such as an Engineering Company. 
In particular this paper concerns an International Engineering 
Company, which has 35 years of  experience in designing and 
implementing equipment and lines for the chemical, 
petrochemical and refining industries. This Company selected 
a “Pilot Project”, in order to make a detailed comparison with 
the real delivery dates through a simulation of  the progress of  
the activities done. It is based on a new and more in depth 
scheduling, according to the actual Furnaces Department 

planning logics. The simulation was necessary to accomplish 
the entire analysis into a short time period (2 months) 
compared to the natural length of  the project (12 months). 

Following the Six Sigma route, the first step requires the 
Problem Statement to be clarified and defined. This included 
the selection of  a metric that would be able to show the 
difference between scheduling and performing times due to 
planning process. 

The Measure phase concerned the simulation of  the 
progress for the pilot project. This led us to see the amount 
of  delay/advance due to planning activities. 

Then, using statistical tools (Regression models and 
DOE) and an Axiomatic approach with Quality Function 
Deployment (QFD), we have been able to analyse the 
delay/advance times. This enabled us to find the root causes 
of  a significant difference between the scheduled and real 
delivery times. 

2 DEFINING RING AND VARIABLES 
Once the Business Case is clearly described as the reason 

that it is worth understanding the causes that may create any 
delay in delivery dates compared to scheduled dates, the ring 
of  the analysis is defined including every engineering activity 
(concerning Process Calculations, Technical Drawings and 
Material Requisition). We decided to consider out of  scope 
the Prefabrication activities after the Procurement of  the 
Material Requisition and the Commercial Proposal before the 
Process Calculations activities (Figure 1), because these are 
not engineering activities, but respectively a consequence of  
all the design phases and a pure commercial activity. 

Then the Earned Value Analysis (EVA) was applied to 
choose the Scheduled Variance Indicator (SV) as the CTQ for 
the delay/advance measures. The EVA aims to measure, in a 
typical use, the project progress compared to the scheduling. 
In particular EVA defines the Earned Value (EV) as a 
performed work in terms of  man-hours (and, of  course, in 
terms of  $, once the cost per hour of  each resource is known). 
The analysis concerns the observation of  the growth of  the 
EV (which is a cumulative function) while the project 
develops over time. 
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Figure 3. Schedule Variance for "Process Calculations" activities. 

Figure 4. Schedule Variance for "Technical Drawings" activities. 
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Figure 5. Schedule Variance for "Material Requisition" activities. 

Figure 6. Schedule Variance for “HOSD” entire project. 



Analysis Of Scheduled Engineering Design 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 2011 
 

 

 

 

Figure 7. Fish-bone diagram for Bullwhip Effect.

B u llw h ip  
E ffe c t

F o llo w  U p

C u s to m e r d e m a n d  
fo re ca s t a b o u t 
c h a n g e  re q u e s t

L e a d  T im e

E la s tic ity  a n d  F le x ib ility  
in   R e so u rc e s  
m a n a g e m e n t

B a tc h  s iz e  (te c h  d w g s  s u p p ly  in t/e x t)

W o rk lo a d  m in im u m  s iz e

A n tic ip a te d  p u rch a se s

S u p p lie r a v a ila b ility  fo re ca s t o n  
d e liv e ry  s la ck  tim e

 B a tch -flo w  s u p p ly

Figure 8. Fish-bone diagram for grouped causes. 
 
 
 
 

4 DATA ANALYSIS 
Observing the graphs for the three steps of design 

activities (Process Calculations in Figure 3, Technical 
Drawings in Figure 4, Material Requisition in Figure 5 and the 

entire project in Figure 6) it is possible to find three different 
behaviors for the SV indicator (one for each step) that are 
sequentially and physically linked to three events, such as: 

1. Phase displacement (and small amplitude, Figure 3); 
2. Oscillation (with increased amplitude,  Figure 4); 
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3.  Amplification (with more increased amplitude, Figure 5). 
A behavior that follows this sequence of events may be 

explained by means of the “Forrester Effect” (or “Bullwhip 
Effect”) and it is more evident in the MR activities, because of 
the great number of man-hours dedicated to them and the 
great distance between the prevision date and the 
performance date (according to the supply chain, in which the 
Bullwhip Effect is as larger as the forecast is more distant 
from Customer demand). Thus, referring to this effect, it is 
necessary to search for the root-causes among the five known 
causes of the bullwhip effect, such as: 

1. Customer demand; 
2. Supplier availability forecast; 
3. Lead time; 
4. Anticipated purchases; 
5. Batch size of supply. 

So, the first analysis was conducted trying to address any 
possible activity inside the design planning management to the 
five Bullwhip causes, by implementing a Fish-bone or 
Ishikawa Diagram (Figure 7). Then, by a successive affinity 
diagram, a group has been created for each activity that 
addresses the same effect (where each effect was a Bullwhip 
cause). In this manner it has been possible to create a new 
Fish-bone (Figure 8) grouped by potential Over-Run causes 
that may generate one or more of the five known Bullwhip 
causes. 

For a better understanding of  the Bullwhip Effect 
generation, the SV on the Critical Path that was calculated for 
all three steps has been examined. Since the indicator has a 
normal distribution (Figure 9), it means that no special causes 
affect the scheduled delivery time, but, as shown by the IP 
Chart (Figure 10), the MR activities are those that suffer the 
most variability: Thus, these activities are the probable source 
of  an Over-Run generation. 

5 DESIGN IMPLEMENTATION USING QFD 
AND AD 

Once the macro-causes of  the Bullwhip effect are 
identified we want to do the scheduling activities on a more 
robust perspective.  

Up to now we have followed the DMAIC approach, 
typical of  Six Sigma, but after a correct application of  a 
Define, Measure and Analyze step it’s necessary to redesign 
the process and not only improve it. So it is more correct to 
apply the Design for Six Sigma (DFSS) approach using QFD 
and AD. 

In particular, the application of  only the third step of  
QFD Cascade (QFD3) is enough due to the information 
collected so far. The FRs are previously identified through SV. 
In the Physical Domain, we can define the DPs such as the 5 
steps of  the activity (IFA, IFC, MR for Inquiry, MR for Order 
e Procurement), while in the Process Domain (by means of  
the Fish-bone) the PVs are Numbers of  Customer’s 
Comments, Follow up, Long delivery items, Numbers of  
drawings and Forecast activities. 
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The QFD (Figure 11) DPs vs PVs allows us to find the 
Relationship Matrix necessary to find the Transfer Function to 
be optimized through the first Axiom of  Axiomatic Design. 

In the Relationship Matrix Θ indicates a strong 
relationship, О indicates a moderate relationship, and ▲ 
indicates a weak relationship. In the correlation matrix, ++ 
indicates a strong positive correlation, + indicates a positive 
correlation, - indicates a negative correlation and -- indicates a 
strong negative correlation. 

This aims to reduce the misalignment between BCWS 
and BCWP in a oscillation randomly distributed to each other 
(reducing the Bullwhip effect in phase displacement).  
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Figure 2. QFD3 Relationship Matrix DPs vs PVs 

 
After obtaining the Relationship Matrix (Figure 11), it is 

possible to study the relationship deeply through a Regression 
model (it is ongoing) where the database is available. 
Otherwise, in the absence of  data it is necessary to use Design 
of  Experiments. 

6 CONCLUSIONS 
Some tools of  Six Sigma/Design of  Six Sigma and the 

rigor of  the approach allowed a clear comprehension of  the 
planning times through a numerical analysis. Further,  through 
the usage of  the EVA it has been possible to discover that the 
Bullwhip Effect for the SV indicator increases during the 
three steps of  the pilot project. This means there are one or 
more Bullwhip Effect causes inside the scheduling activities, 
as synthesized in Figure 8.  

Of  the three potential Over-Run groups just the Lead 
Time is strictly dependent on the internal planning 
management. Thus, it is the first one which must be addressed 
in order to solve the Bullwhip Effect, because Follow-Up and 

Batch Size management are bound to Customers and 
Suppliers agreements respectively. Furthermore, since the 
activities on the Critical Path are normally distributed, they are 
not involved in variability generation. For this reason it is 
useful to focus on non-critical activities because it is easy to 
manage slack time to reduce global Lead Time for non-critical 
activities. In fact, slack time is like a “stock” of  time that could 
be cumulated. For instance, consider the case where the 
Customer demand forecast about change requests (Figure 8) is 
greater than the effective one. This could cause an excess of  
advance time as shown in Figure 6. That, in turn, amplifies the 
behavior of  the Bullwhip Effect. So any improvement that 
reduces the Customer demand forecast implies a reduction of  
slack-time management and, consequently, the Bullwhip 
Effect and its related Over-Run. The proposed improvement 
in terms of  Robust Design of  scheduled times required the 
use of  some tools of  DFSS such as QFD and AD. This 
allowed the creation of  a Design Matrix (called in QFD 
Relationship Matrix) DPs vs PVs and the relative Transfer 
Function between the Physical and Process Domain. At the 
present time, data collection is ongoing in order to create 
Regression Models able to calculate the coefficients of  the 
Relationship Matrix that will be the Sensitivity Matrix for the 
Transfer Function. 
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ABSTRACT 
This paper outlines an innovative approach to 

pharmaceutical process development using advanced Design 
for Six Sigma (DFSS) supported by a knowledge management 
system. DFSS has been the toolkit of  choice for many 
pharmaceutical companies when implementing the 
requirements of  ICH Q8 Quality by Design. Here we will 
show how the Independence and Information Axioms and a 
Design Knowledge Matrix can be used to optimize the use of  
Design Of  Experiments (DOE) and minimize risk, merging 
some of  most innovative tools of  the Design For Six Sigma 
toolbox to ensure patient safety while maintaining maximum 
flexibility for continuous process optimization.  

Keywords: Quality by Design, Design for Six Sigma, Design 
Of  Experiments, non-square Design Matrix, Axiomatic 
Design 

1 INTRODUCTION 
This paper aims to show how the use of  an advanced 

Design Matrix and the application of  Axiomatic Design [Suh, 
1990] can increase effectiveness and speed of  knowledge 
creation in pharmaceutical process development.  

Traditionally regulatory bodies required pharma 
manufacturers to keep their processes fixed once a drug had 
been approved. In recent years this mindset started to change 
fundamentally, inspired by insights delivered by a growing 
Lean Six Sigma community. Risk management and statistical 
process control are now accepted as elements of  Good 
Manufacturing Practice (GMP) [International Conference on 
Harmonisation of  Technical Requirements for Registration of  
Pharmaceuticals for Human Use, 2009]. “Quality by Design” 
(Figure 1) is defined as "a systematic approach to 
development that begins with predefined objectives and 
emphasizes product and process understanding and process 
control, based on sound science and quality risk management" 
[International Conference on Harmonisation of  Technical 
Requirements for Registration of  Pharmaceuticals for Human 
Use, 2009]. 

Quality by Design employs a six step process of  
requirements management, knowledge management, and risk 
management, leading to a strategy for process control and 

continuous improvement. The framework of  ICH Q8 (Table 
1) outlines what needs to be done, not how. Many industry 
users have adopted elements of  DFSS and Lean Six Sigma to 
implement ICH Q8 requirements.  

Table 1. Quality by Design process steps. 
Process Step ICH Q8 Requirements
Target Product Profile Definition of  Product 

Intended Use and of  
Quality targets 

Knowledge Mapping Summary of  prior 
scientific knowledge (drug 
substance, similar 
formulations and 
processes). Initial Risk 
Assessment 

Development Overview of  Quality by 
Design key actions and 
decisions taken to develop 
New Scientific Knowledge, 
e.g., DoE, PAT, Risk 
Assessment and Risk 
Control 

Design Space Summary of  Scientific 
Understanding of  Product 
and Process. Justification 
and description of  Multi-
dimensional Space that 
Assures Quality 
(interrelation-ships and 
boundaries of  Clinical 
Relevance). 

Control Strategy Definition of  Control 
Strategy based on design 
space leading to Control of  
Quality and  
Quality Risk Management 
(Process Robustness) 

Continuous Improvement Proposal of  Regulatory 
Flexibility based on 
Product and Process 
Scientific Knowledge and 
Quality Risk Mgmt. 
(Materials, Site, Scale, etc). 
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ABSTRACT 
Healthcare delivery in today’s hospitals is a complex task. 

A major source of complexity comes from the coupling of the 
various operations in the hospital. Because of coupling, any 
attempt to optimize one function would be at the expense of 
other functions. The consequence is a complex, sub-optimal 
system. Thus, to arrive at an optimized healthcare delivery 
system, we need to identify and resolve the couplings present 
so that the complexity of the system may be reduced and the 
system optimized. 

In this paper, we use the scheduling of Pre-Admission 
Testing (PAT) for surgical patients to illustrate the reduction 
of complexity that leads to optimized healthcare delivery. We 
first review the PAT process. We next analyze the process to 
reveal the three functional requirements of PAT: increase 
throughput, reduce work-in-progress (WIP) and deliver results 
on-time. We then show that the corresponding scheduling 
algorithms, longest-process-time first, shortest-process-time 
first and least-slack-time first, that are traditionally used to 
optimize each of the three functional requirements in fact 
couple them together. Consequently, the PAT scheduler 
becomes complex and sub-optimal. Finally, we introduce a 
two-stage PAT scheduler to resolve the couplings among the 
three functional requirements. The resolution of couplings 
simplifies the system and allows each scheduling algorithm to 
independently optimize the corresponding functional 
requirement. The result is a dramatic reduction in WIP and 
improvement of on-time delivery. 

Keywords: Two-stage scheduler, pre-admission testing. 

1 BACKGROUND 
Healthcare delivery in today’s hospitals is a complex task. 

A major source of complexity comes from the coupling of 
multiple operations in the hospital. The coupling causes the 
function of units like emergency departments (EDs), inpatient 
units, operating rooms (ORs), the central sterilization 
department (CSD) and intensive care units (ICUs) to be 
interdependent. Inefficient boarding in an inpatient unit that 
results in a back up of patient flow and crowding in the ED is 
an example of the coupling of operations and processes in a 
hospital. Boarding is the term used to describe the process of 
scheduling a patient for a procedure or otherwise entering the 
patient into the system of a particular unit. Another related 
source of complexity derives from the coupling of various 

processes and resources required to complete a task within a 
unit. In the OR, providing a greater degree of accessibility to 
surgeons or patients at the expense of capacity utilization or 
productivity is an example of coupling of processes or 
resources within a unit. Because the coupling of operations 
and processes brought about interdependency among the 
functions of the units of the healthcare delivery system, it is 
apparent that these operations and processes need to be 
managed as a whole, i.e., as a ‘system’. One approach to 
manage healthcare delivery as a system is to use Axiomatic 
Design as exemplified by Kolb et al. [2007] and Peck et al. 
[2009]. 

To manage a system of operations, we first define the 
functional requirements FRs of the operations that comprise 
the system. Next we choose the design parameters DPs that 
render the FRs mutually exclusive, free of couplings and 
interdependencies. The latter step is critical because the degree 
of coupling in a design is determined primarily by the choice 
of DPs and not the physics governing the design. We illustrate 
this point with the faucet example.  

In the discourse of Axiomatic Design, the faucet example 
has been used over and over again to give an intuitive 
explanation of coupling. Here, we shall give a mathematical 
explanation as follows. The FRs are: 

 
  FR1: deliver water at a certain flow rate Q; 
  FR2: deliver water at a certain temperature T. 
 
Assuming that we are mixing hot and cold water, we may 

express the two FRs (Q, T) in terms of the hot and cold water 
flow rates (Qh, Qc ) and temperatures (Th, Tc ) as follows. 
       Mass conservation:       Q = Qh + Qc               (1) 
       Energy conservation:  TQ = ThQh + TcQc

              ( )2
QQ

QTQT
TthatSo

ch

cchh
+
+

=  

Equations (1) and (2) express the FRs in mathematical 
terms of mixing hot and cold waters. We now decide on the 
DPs that affect the FRs. We may choose (Qh, Qc) to be (DP1, 
DP2) respectively. In this case, in Faucet Design No. 1, the 
FRs are related to the DPs through the matrix Equation (3) 
derived from Equations (1) and (2) as follows. 
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Thus in making this choice of (DP1, DP2) = (Qh, Qc), we have 
coupled the two FRs together. Namely, a choice of (Qh, Qc) 
pair to achieve a certain flow rate Q also affects the 
temperature T and vice versa. Consequently, iterative trial and 
error of the (Qh, Qc) pair are needed to converge to a desired 
set of (Q, T). In short, there is interdependency between FR1, 
the flow rate Q and FR2, the temperature T.  

We can make an alternative choice of DPs to break up 
the interdependency between FR1 and FR2. We choose the 
sum (Qh+Qc) as DP1 and the ratio (Qh/Qc) as DP2. As 
derived from Equations (1) and (2), this choice, Faucet Design 
No. 2, yields the matrix Equation (4) as follows 
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With this choice, we render the two FRs independent of each 
other. That is, we can attain a flow rate Q with (Qh+Qc) 
independent of attaining a temperature T with ( Qh/Qc). Note 
that the governing physics for both designs is the same. It is 
the choice of the DPs that determine the degree of coupling. 

The above faucet design examples illustrate the 
approach to managing a complex system of operations: define 
the right FRs, make sure they are collectively exhaustive; then 
choose the DPs right to eliminate couplings among the FRs so 
that they are mutually exclusive. Once uncoupled, the FRs can 
be optimized independent of one another. We now apply this 
approach to healthcare delivery systems. 

2 SYSTEM APPROACH TO HEALTH CARE 
DELIVERY 

There is a myriad of FRs for health care delivery. The 
more common ones in operations and processes and their 
corresponding metrics are: 

• raise throughput - number of jobs completed per 
unit time, the larger the better; 

• reduce the length of stay - length of time a job 
spends in the system, the shorter the better; 

• use resources optimally - level of capacity utilization, 
the higher the better; 

• reduce wait time - length of time between the arrival 
of a job and the start of processing the job, the 
shorter the better; 

• deliver service on time - difference between due date 
and completion time, the larger the better; 

• deliver service reliably - consistency in delivering a 
job on time, the more consistent the better. 

The DPs for the above FRs typically involved the 
following process variables: 

• processing time - the length of time to process a job; 

• due date - last “time” to complete the job; 
• capacity - amount of resources available; e.g., 

number of beds available; 
• slack time - job’s time to due date (TDD) minus its 

processing time; 
• completion time - time at which a job is finished 
In the discussion above, two or more FRs may involve 

one and the same process variable. There is thus a potential 
for coupling among them. For example in EDs, both the 
throughput and length of stay are dependent on the 
processing time that it takes to diagnose and treat a patient. 
Obviously, the two FRs cannot be independently satisfied by 
one process variable. Hence, they are coupled. Similarly, both 
on time delivery and reliable delivery could be coupled 
because they involve the same process variable TDD, the time 
to due date. In operations research, tools and techniques are 
available which are used to optimize the above FRs, e.g., 
minimize the length of stay or maximize throughput. These 
tools typically do not take coupling among the FRs into 
account, addressing instead a specific FR at the expense of 
other FRs. The consequence is a sub-optimal system. To 
ensure that we attain an optimal system, we must first resolve 
the coupling among the FRs before using the tools to 
optimize them. We illustrate this with a case study, scheduling 
the PAT of surgical patients. This case study was the basis for 
a patent filed with the US patent office [Oh, 2009]. 

3 SCHEDULING PRE-ADMISSION TESTING 
(PAT) OF SURGICAL PATIENTS  

3.1 THE PAT PROCESS 
The PAT process is a critical step in healthcare delivery, 

as its goal is to ensure that a patient’s pre-operative conditions 
will not affect his scheduled surgical procedure. Toward this 
goal, the medical staff has developed requirements for pre-
procedure testing based on the patient's pre-operative 
condition and surgical procedure scheduled. For example, one 
requirement is that all patients age >74 must have an electro-
cardiogram and complete blood tests regardless of the 
planned surgical procedure. Another requirement is that a 
patient scheduled for a total hip replacement must have 
complete blood tests and blood typing and cross matching 
regardless of age and pre-operative condition. Based on the 
requirements developed, the PAT process screens the patient 
for pre-procedure testing needs and gathers results of the 
needed tests to clear the patient for the planned surgical 
procedure. 

Figure 1 shows the timeline that depicts the events 
completed during the PAT process. The PAT process starts 
when the patient is boarded for a surgical procedure. It ends 
when the patient is transferred to the OR for the surgical 
procedure. The interceding time period is referred to as 
“board-to-surgery” time. 
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Figure 1. Timeline showing events in the PAT process. 

After a patient is boarded, there is a wait period before 
the PAT nurse makes the first contact with the patient. The 
wait exists because the PAT nurse is most likely busy with 
another patient. Once contacted, the PAT nurse interviews 
the patient for his or her health history and status to 
determine the need for pre-procedure testing. If the 
determination calls for tests for which the patient already has 
lab results, the PAT nurse simply collects them. If existing 
results are not available, the PAT nurse then orders the tests. 
The PAT nurse also identifies patients with learning needs and 
refers the patient to an education program e.g., a class on total 
hip replacement. The time between when the PAT nurse first 
contacts the patient and when she completes the interview 
and obtains all of the pre-procedure testing needs is called the 
pre-anesthesia screening. 

After the pre-anesthesia screening, the PAT nurse starts 
tracking and gathering the results of  the pre-procedure tests 
that were called for. This involves tracking and gathering 
existing lab results from the patient’s primary physician and 
new results from additional tests that were ordered. The time 
spent in tracking and gathering the test results is called 
diagnostic tracking. Time spent in tracking varies according to 
how many and what type of  tests are being tracked. The sum 
total of  screening and tracking time constitutes the processing 
time of  the PAT process. Ideally, the PAT process should be 
completed ahead of  the due date, the day of  surgery, for two 
reasons: (1) to provide a buffer for variability in processing 
time; and (2) to be able to charge for pre-procedural tests 
done. Usually, the insurance companies will not pay for pre-
procedural tests completed within three days of  the surgical 
procedure. They treat these tests as part of  the surgical 
procedure itself.  

If the tracking process is not complete by the due date, 
the surgical procedure must be rescheduled. Rescheduling a 
surgical procedure wastes a tremendous amount of resources. 
Typically, the surgeons and doctors that were to perform the 
procedures do not have enough notice to fill the time slot of 
the patient, thereby resulting in a loss of revenue for that time 
slot. Moreover, many of the pre-procedure tests will have to 
be repeated, as test results are normally valid only for 30 days 
or less. Additionally, the PAT nurse will have to re-track the 
patient. Thus, it is imperative that the tracking be completed 
by the due date. The period between the end of the tracking 
and the due date is referred to as slack time.  

3.2 FUNCTIONAL REQUIREMENTS AND DESIGN 
PARAMETERS OF PAT 

Given a stream of patients for PAT processing, which 
hereafter we refer to as jobs, what are the functional 
requirements (FRs) and design parameters (DPs) for 
processing these jobs? An FR that a PAT process traditionally 
aims for is 
 
  FR1: raise the throughput. 
 

Throughput is the number of jobs completed per unit 
time. For a stream of n PAT jobs assigned to m PAT nurses, 
the ith nurse, i=1, 2 … m, is assigned a subset of n jobs for a 
certain total time Ti. The maximum total time, Tmax of the set 
Ti, i=1, 2 … m is the time that it takes to complete the n jobs 
by the m nurses as a group. Therefore the throughput of the m 
nurses as a group is equal to n/Tmax. To raise the throughput is 
to find an assignment of jobs to the nurses that reduce Tma 

To illustrate, consider the assignment of eight jobs, (n = 
8) to three nurses, (m = 3) as shown in Figure 2. 

 
0 2 4 86

7

8

1 53

6

2 4

Nurse #1

Nurse #2

Nurse #3

day

Tmax

7

8

1

5

3

6

2

4
 

 
Figure 2. SPT assignment of eight jobs to three nurses. 

The jobs are represented by rectangles with the processing 
time in days indicated by the length of the rectangle. One 
scheduling algorithm, Shortest Processing Time (SPT) first, is 
to sort the jobs in order of increasing processing times. 
Whenever a nurse is freed, the job with the shortest 
processing time at that instant is assigned to her for 
processing. With this scheduling algorithm, nurse #2 ends up 
with two jobs for a total time of 8 days, the maximum of the 
three. Therefore, the throughput of the three nurses is 8 jobs 
in 8 days, or 1.0 job per day 

For contrast, consider an alternative scheduling algorithm, 
the Longest Processing Time (LPT) first. The LPT sorts the 
jobs in order of decreasing processing times. Whenever a 
nurse is freed, the job with the longest processing time at that 
instant is assigned to her for processing. By scheduling the 
longest jobs first, this algorithm ensures that no one large job 
"sticks out" at the end of the schedule to dramatically 
lengthen the completion time of the jobs. Consequently, the 
three nurses are assigned the eight jobs for about the same 
total time of 6 days each, see Figure 3.  
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Figure 3. LPT assignment of eight jobs to three nurses. 

In other words, LPT utilizes the three nurses fully, with none 
of them idling. The throughput for the group is 8 jobs in 6 
days; or 1.333 jobs per day, a 33.3% increase over the SPT 
algorithm. Thus, to raise throughput, the DP for FR1 is LPT. 
  
DP1: LPT, process job with the longest processing time first.  
 

Another FR that PAT process traditionally aims for is 
 
  FR2: reduce holding of jobs (WIP) in the system. 
 
WIP is essentially an intermediate storage of job in a system 
due to lack of capacity. Thus to reduce WIP, we create a larger 
capacity. The added capacity and related flexibility enable us 
to absorb short term fluctuations. 

Consider two consecutive jobs with processing time P1 
and P2 being assigned to a PAT nurse for processing. The first 
job spends P1 time in the system completing the process. The 
second job spends P1 time in the system waiting for the first 
job to complete and then spends P2 time completing the 
process. The total time spent by the two jobs in the system is 
(2P1 +P2). In general, the total time spent by n jobs in a system 
is nP1 + (n-1)P2 +(n-2)P3 +… + 2Pn-1 + Pn. It is the least when 
the jobs are ordered in increasing order: P1 < P2 < … < Pn-1 < 
Pn. Therefore to reduce the holding of jobs in the system, 
which is directly proportional to the total time spent in the 
system by these jobs, we process the jobs with the shortest 
processing time first. That is, the DP for FR2 is SPT. 
 
DP2: SPT, process job with the shortest processing time first  
 

Finally, a third and the primary FR for PAT process is 
 
  FR3: ensure jobs are processed and delivered on time.  
 
Since the lateness of a job is the measure of performance for 
FR3, the time difference between the due date and the 
completion time is therefore the measure of urgency. The DP 
widely used for FR3 is EDD, process jobs with the earliest due 
date first. 
 
  DP3: EDD, process jobs with the earliest due date first.  
 
Summarizing the discussion above, we have the functional 
requirements and their design parameters of PAT as follows. 

 
  FR1: raise throughput;  
  DP1: LPT, process jobs with longest processing time first. 
  FR2: reduce WIP;   
  DP2: SPT, process jobs with shortest processing time first. 
  FR3: deliver on time;  
  DP3: EDD, process jobs with the earliest due date first.  
 

Each of the DPs above is a well known heuristic in 
operations research used for optimizing the corresponding FR 
[Leung, 2004]. However, each heuristic does not take into 
account the couplings among the FRs; addressing instead only 
a specific FR at the expense of other FRs. Consequently, the 
system is sub-optimal. In the next section, we take a system 
approach by considering the three FRs together as a whole, 
determining where the couplings among them are; resolving 
the couplings and optimizing the FRs independent of other 
FRs to arrive at an optimum system. 

3.3 IDENTIFYING COUPLING OF FUNCTIONAL 
REQUIREMENTS IN PAT 

Raise throughput, FR1 and reduce WIP, FR2 are coupled 
because both are dependent on one and the same DP: the 
ordering and sequencing of processing time. LPT, the best 
order and sequence of processing time for FR1 is in fact the 
worst for FR2; while SPT, the best order and sequence of 
processing time for FR2 is in fact the worst for FR1. This 
coupling of FR1 and FR2 is analogous to that of Faucet 
Design No. 1. It maybe symbolically represented as 
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In the above and hereafter, an element “X” in the matrix 
indicates that a DP has an effect on an FR; and an “O” has no 
effect. So a diagonal element Xii indicates that DPi has an 
effect on FRi. An off-diagonal element “Xij” indicates that DPj, 
which has an effect on FRj, also has an effect on FRi . In other 
words, DPj couples FRi to FRj. 

Deliver on time, FR3 is dependent not only on TDD, 
time to due date but also on processing time. This is because a 
job with an early due date can still be completed and delivered 
on time if it has a short processing time. Thus, FR3 is affected 
not only by DP3(=EDD) but by DP1(=LPT) and DP2(=SPT) 
as well: 
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Combining Equations (5) and (6), we have  
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The matrix in Equation (7) summarizes the couplings 

among the FRs in PAT as indicated by the presence of “X” in 
the off-diagonal elements: 

• “X” in row 1, column 2 indicates coupling of FR1 
with FR2 through SPT; 

• “X” in row 2, column 1 indicates coupling of FR2 
with FR1 through LPT; 

• “X” in row 3, columns 1 and 2 indicate coupling of 
FR3 with FR1 and FR2 through LPT and SPT. 

These sources of coupling need to be resolved for the system 
to be optimal. 

3.4 RESOLVING COUPLING OF FUNCTIONAL 
REQUIREMENTS IN PAT 

3.4.1 ADOPTING A NEW PROCESS VARIABLE TO 
UNCOUPLE FR3 

 We resolve the coupling of FR3 with FR1 and FR2 by 
choosing an alternative DP3 involving a different process 
variable, the slack. As illustrated in Figure 4, given the date 
that a job is ready to start, the urgency of the job is dependent 
not only on TDD, the time to due date; but also on the 
processing time PT (= screening + tracking) it takes to 
complete the job.  

For example in Figure 4, even though due date of Job 
#1 is earlier than that of Job#2, Job#1 is actually less urgent 

 
Ready 
Date

Slack

Job # 1

Job # 2

Date of 
Surgery

Screening

Screening

Tracking

Completion
Date

Tracking

Slack

Time to due date, TDD

Time to due date, TDD

Date of 
Surgery

Completion
Date

 
Figure 4. Comparison of urgency between two jobs. 

since its processing time is shorter. In other words due date, 
the variable widely used in PAT as a measure for urgency, is 
only a partial measure. The other part is the processing time 
to complete the job. Thus, slack is the more relevant measure 
since it takes both TDD and processing time PT into account: 
 
  Slack = (TDD – PT). 
 

Furthermore, slack ensures consistency in on-time delivery 
because it serves as a buffer to absorb variability in processing 
time. A shorter slack indicates not only higher urgency to 
deliver on time but also a smaller margin for consistency in 
on-time delivery. Thus the logical DP for FR3 is a scheduling 
algorithm of jobs based on their slack times.  
 
  DP3: LST, process jobs with the least slack time first. 
 
With the choice of LST as DP3, FR3 is uncoupled from FR1 
and FR2. FR3 becomes solely dependent DP3, completely 
independent of LPT and SPT as shown below   
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3.4.2 INTRODUCING A TWO-STAGE SCHEDULER 
TO RESOLVE THE COUPLINGS OF FR1 AND 
FR2  

We now describe a two-stage scheduler that resolves the 
remaining coupling between FR1 and FR2 as indicated in 
Equation (8). FR1 and FR2 are coupled because they are 
dependent essentially on one and the same DP: the ordering 
and sequencing of the processing time, PT. Furthermore, LPT 
and SPT are in contradiction: LPT demands the sequencing of 
processing time in decreasing order while SPT demands 
sequencing in increasing order. To resolve the coupling and 
contradiction, we split the traditional PAT process as shown 
in Figure 5 into two stages, screening and tracking, as shown 
in Figure 6. 

 

 
    

Figure 5. Traditional single stage PAT processing. 
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Figure 6. Proposed two-stage PAT processing. 

In the traditional PAT process, n (= 7) jobs are assigned 
to m (= 5) nurses in parallel, with each nurse performing both 
screening and tracking tasks. In the proposed two-stage setup, 
k (= 2) of the m nurses in parallel are assigned to the first 
stage to perform the screening task only. Once screened, jobs 
that need no pre-procedure testing thus no tracking 
immediately exit the system. The remaining jobs that need 
pre-procedure tests are then sent to the second stage for 
tracking by the remaining m – k (= 3) nurses in parallel. The 
apportionment of m nurses to k screening and (m-k) tracking 
is done in proportion to the workloads at the two stages.  

The primary intent of the screening stage is to capture 
two categories of jobs: (1) jobs that need no pre-procedure 
testing and (2) jobs that require more than three pre-
procedure tests. Jobs in category 1 need no tracking and 
therefore may exit the system immediately, reducing the WIP. 
Jobs in category 2 have short slack time and thus need to be 
sent quickly to the tracking stage for immediate tracking to 
ensure on-time delivery. This intent of the screening stage is 
represented by Equation (9) below. 
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At the tracking stage, we raise the throughput with the 

algorithm LPT; and maximize the consistency in on-time 
delivery with the algorithm LST.  
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Thus by splitting the PAT process into two stages as 

represented by Equations (9) and (10), we resolve the 

coupling and contradiction of LPT and SPT originally present 
in the traditional single stage PAT process Equation (7). 

3.5 POLICY FOR DISPATCHING JOBS 
Historical data suggests that jobs that require screening 

but no pre-procedure testing involve patients with age < 50 
that need only outpatient care. These jobs comprise 25% of 
the total jobs. They require on the average 1.33 days to screen, 
i.e., PT = 1.33 day. The corresponding slack time is equal to 
(TDD - PT) is (TDD-1.33). Historical data also suggests that 
jobs that need more than three pre-procedure tests are 
patients that need inpatient care, who are undergoing 
orthopedic or vascular surgery. These jobs comprise 35% of 
the total jobs. They are suspected of having short slack time. 
Therefore we impose that the slack time for these jobs be no 
less than 1 day. The corresponding processing time is thus 
(TDD-1). For all other jobs, the average of the two estimates 
above is used. That is: for the processing time, (TDD + 
0.33)/2; for the slack time, (TDD-0.33)/2. Note that the 
TDD of a job entering the screening stage is known. Thus the 
processing time and the slack time of the job may be 
estimated per Col (1) and Col (2) in Table 1 below. 

Since the DP for reducing WIP is the shortest-
processing-time first; and the DP for delivering service on 
time is the least-slack-time first, a priority value for 
dispatching jobs at the screening stage may be expressed as 
the combination of the two DPs:  
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The above priority value maybe calculated per Col (3) in Table 
1 below. The policy for dispatching jobs at the screening stage 
is to process the job with the highest priority value first.

 Once a job has been screened, the type and number of 
pre-procedure tests needed for the job are known. The 
associated processing time PT may therefore be estimated 
from historical data. Furthermore, the TDD is known for 
each job. Thus, the slack time (TDD - PT) may be estimated 
as well. Since the DP for raising the throughput is the longest-
processing-time first; and the DP for delivering service on 
time is the least-slack-time first, a priority value for 
dispatching jobs at the tracking stage may be expressed as the 
combination of the two DPs:  
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The policy for dispatching jobs at this stage is to process the 
job with the highest priority value first. 

 
 
 



Scheduling Pre-Admission Testing: A Case Study On Reducing Complexity In Healthcare Delivery 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 20 
 

 

Table 1. Formulae for processing time, slack and priority value at the screening stage. 

Category Processing time 
Col(1) 

Slack 
Col(2) 

= TDD – Col(1)

Priority value 
Col(3) 

=[Col(1) x Col(2)]-1 

Outpatient, age<50 1.33 TDD – 1.33 [1.33 x ( TDD - 1.33)]-1 

Orthopaedic or vascular TDD - 1 1 ( TDD – 1)-1 

Otherwise (TDD + 0.33)/2 (TDD - 0.33)/2 4 x [ TDD2 – (0.33)2]-1 

 
 
4 DISCUSSION OF RESULTS 

A two-stage PAT scheduler was launched on 3/24/2008 
at a local hospital in Rochester, Michigan, USA. Two 
“snapshots” of the WIP were taken; one snapshot a month 
before and another, a month after the launch. As shown 
superimposed in Figure 7, each snapshot depicts a month, 
equals 21 working days, of PAT jobs waiting in queue to be  

 

 
 

Figure 7. Snapshots of jobs in queue. 

processed. The snapshot shown in “white” taken before the 
launch is that of the traditional single stage PAT scheduler. It 
shows a WIP of 321 jobs. It also shows 150 (47%) of them 
are within 6 workdays from due date, the day of surgery. In 
fact, 83 of them (25%) are within 3 workdays from due date. 
These are jobs that will not be paid for by the insurance 
companies. It represents a loss of revenue for the hospital. 
The occurrence of a large WIP, with the majority of the jobs 
close to due date is to be expected. This is because the FRs, 
reduced WIP and ample slack, were never defined and aimed 
for in the single stage scheduler. Only EDD, a partial measure 
of urgency was implemented. In other words, we were not 
doing the right things.  

The other snapshot shown in “black” taken after the 
launch is that of the two-stage scheduler. It shows a WIP of 
200 jobs, significantly reduced from the original WIP of 321 
jobs. Furthermore, there is now ample slack with 193 of the 
total 200 jobs (96.5%) a distant 4 workdays away from the due 
date. This is the result of deliberately define the right set of 
FRs for the scheduler: reduce WIP, raise throughput and 

increase slack. This is followed by implementing the DPs 
right:: remove couplings among the FRs that then permits the 
DPs, SPT, LPT and LST, to optimize each FR independent of 
others. In short, we did the right things and did the things right.  
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ABSTRACT 
The best configuration for the main bearings of  a multi-

shaft jet engine is studied by means of  the Axiomatic Design.  
This paper shows how Axiomatic Design reduces the number 
of  initial possible solutions from several hundreds to one. It 
also shows how the implementation of  the Information 
Axiom as an initial customer’s need affects the formulation of  
the functional requirements and constraints, and hence the 
generation of  a final solution. Information Axiom is used for 
screening the best solution among those prescribed by the 
Independence Axiom. Current solutions for three-shaft and 
two-shaft engines are discussed and compared with the best 
solution, which in this context is the one given by the 
axiomatic approach. This paper also discusses how constraints 
may lead to slightly different solutions. 

Keywords: independence axiom, information axiom, 
reliability, jet engine, turbofan, main bearings. 

1 INTRODUCTION 
Axiomatic Design [Suh, 1990 and Suh, 2001] is a 

methodology that increases the value of  products and it has 
proven to be applicable to diverse design problems with great 
success. A review of  solved cases can be found in [Kulak et al., 
2010]. 

In the context of  Axiomatic Design, design is defined as 
the generation of  maps between domains. There are four 
domains: the customer, functional, physical and process 
domains. The mapping between the customer and functional 
domains leads to the definition of  two lists: the list of  
functional requirements and the list of  constraints. The 
mapping between the functional domain and the physical 
domain is characterized by the design matrix. In order to 
obtain the best design, Axiomatic Design establishes which 
rules must be satisfied by both mappings. A first rule imposes 
that i) functional requirements are a minimum set of  
independent requirements that completely characterize the 
functional needs, and ii) constraints are bounds on acceptable 
solutions. A second rule imposes that the best mapping must 
satisfy two axioms: 

Independence Axiom: Maintain the independence of  the 
functional requirements. 

Information Axiom: Minimize the information content 
of  the design. 

The Information Axiom selects, from those solutions 
that satisfy the Independence Axiom, the solution that has the 
greatest probability of  success. In addition to the Axioms, 
constraints play a fundamental role in Axiomatic Design 
because they allow the independence of  the functional 
requirements. When a requirement cannot be added to the list 
of  functional requirements (for example, because it breaks the 
independence of  the rest of  the requirements), it must be 
considered as a constraint. Therefore, the mapping between 
the customer and functional domains is not unique. For this 
reason, the selection of  the functional requirements and 
constraints (in the functional domain) that best characterize 
the customer’s motivation (in the customer domain) is crucial 
for obtaining the best solution (in the physical domain). 
Correct selection of  functional requirements and constraints 
is one of  the crucial tasks as it has been referenced in the 
literature [Suh, 1990; Suh, 2001 and Brown, 2005]. 

In this paper Axiomatic Design is used to establish the 
best configuration for the main bearings of  jet engines with 
several shafts. This is the customer’s motivation (in the 
customer domain). The number, type and location of  such 
bearings define the solution (in the physical domain). One of  
the objectives of  this paper is to study how the definition of  
functional requirements and constraints (in the functional 
domain) affects the screening made by the Axioms (in the 
physical domain). For this purpose, the paper is divided into 
three main sections. Section 2 describes the solution given by 
Axiomatic Design for a standard mapping from the customer 
to the functional domain. This standard mapping does not 
include reliability as a functional requirement because 
reliability is taken into account by the Information Axiom 
(maximize the probability of  success). On the other hand, 
Section 3 modifies this mapping by using another list of  
functional requirements and constraints that includes 
reliability as an explicit functional requirement. It is shown in 
the paper that the methodology used to impose the 
accomplishment of  the Independence Axiom gives two 
different solutions; the first one accomplishes Corollary 3 
(integration of  physical parts) [Suh, 1990], whereas the second 
one does not. Finally, Section 4 discusses the assumptions that 
led to the differences obtained in both approaches and gives a 
solution for the jet-engine problem. 
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2 MAIN-BEARING CONFIGURATION OF A JET 
ENGINE WITH SEVERAL SHAFTS 

This section illustrates how Axiomatic Design can be 
used to select the main roller bearings of  a jet engine with N 
concentric shafts. It shows how both axioms lead to a frozen 
design giving the number, type, and relative position of  the 
roller bearings that support the shafts inside the engine. Fig. 1 
shows a scheme with a feasible solution for the problem. Each 
shaft is supported by two ball roller bearings that are 
connected to the adjacent inner shaft, while the central shaft is 
connected to the case. Obviously, special features of  the 
engine (such as length, rigidity, interferences, etc.) will separate 
the adopted solution for a given engine from the one fixed by 
the Axiomatic Design. However, the solution addressed by the 
axiomatic approach can be considered as the target one. 

This section is divided into the three domains proposed 
by the Axiomatic Design: the customer domain, where the 
motivation and the needs of  the customer are described; the 
functional domain, where the list of  functional requirements 
and constraints that define the customer’s motivation are 
fixed; and the physical domain, where the set of  proposed 
solutions are described in terms of  the design parameters. At 
the end of  the section, the axioms are applied in order to 
select a solution. 

 
Compressor side

Turbine side

Ball bearings

 
Figure 1. A possible configuration for a three-shaft 

engine that has two identical ball bearings per shaft. 
Each shaft is joined to the inner one, except for shaft 1, 

which is attached to the case. 

2.1 CUSTOMER DOMAIN 
A statement that describes the customer’s motivation is: 

“establish the best configuration for the main roller bearings 
that support the shafts of  a turbofan”. Note that in this 
statement the number of  concentric shafts is not fixed. 
However, it is useful to think about an engine like the one 
schematized in Fig. 1, which is a three-shaft engine where one 
shaft connects the low pressure turbine with the low pressure 
compressor (the fan), and the other two shafts connect the 
high and medium pressure turbines with the high and medium 
pressure compressors. Obviously, with the engine in operation, 
the aerodynamic loads on the turbomachinery produce axial 
forces over each one of  the shafts. On the other hand, the 
aircraft imposes a set of  forces over the rear and front mounts 
of  the engine. Fig. 2 shows a scheme with the main forces 
acting on the shafts and the case of  the engine. In this figure 
the loads imposed by the main bearings are not drawn since 

determining them is the object of  this design problem. After 
this quick argumentation, the customer’s motivation can be 
reformulated as the following customer’s need: “Maintain the 
relative position of  the shafts and the case allowing the axial 
rotation of  the shafts”. 

Compressor side

Turbine side

Shaft 1 Shaft 2 Shaft 3

Case

 
Figure 2. Main forces acting on the shafts and the case 

of  the engine (bearings are not considered). 

2.2 FUNCTIONAL DOMAIN 
Each shaft is a solid part, therefore the rigid body theory 

advises us that each shaft has six degrees of  freedom. This 
fact allows us to rewrite the customer’s need for each shaft as 
the following:  

List of  customer’s needs (list 1): Avoid any axial 
translation of  the shaft, avoid any radial translation of  the 
shaft, avoid any radial rotation of  the shaft, and allow any 
axial rotation of  the shaft. 

List 1 is a list of  needs but it is not a list of  functional 
requirements. Following the definition of  functional 
requirements given in the introduction, functional 
requirements must be a minimum set of  independent needs. 
List 1 is not independent because any radial rotation over any 
arbitrary point of  the shaft would induce a radial translation 
on other points of  the shaft. There are two ways to fix this 
problem. Lists 2 and 3 describe them. 

List of  customer’s needs (list 2): Avoid the axial 
translation, avoid the radial translation of  a point A of  the 
shaft, avoid any radial rotation around the point A, and allow 
any axial rotation of  the shaft. 

List of  customer’s needs (list 3): Avoid the axial 
translation, avoid the radial translation of  a point A of  the 
shaft, avoid the radial translation of  another point B of  the 
shaft, and allow the axial rotation of  the shaft. 

List 2 remains dependent because the radial translation 
and the radial rotation depend on each other through the 
point chosen as A. List 3 fixes this problem because, for small 
displacements, the radial translations of  points A and B are 
independent. (One point cannot be displaced in the radial 
direction without moving the other.) However, elements in list 
3 are not independent. Since the shaft has a finite diameter, 
the points where the shaft must be supported are on the 
surface not in the axis. Thus, points A and B are on the 
surface, and hence the axial rotation of  the shaft is coupled 
with the radial displacement of  both points. (For example, an 
axial rotation of  90 degrees changes the radial position of  
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points A and B.) This means that the need “allow the axial 
rotation of  the shaft” is coupled with both “avoid the radial 
translation of  point A” and “avoid the radial translation of  
point B”. Therefore, (following the definition of  functional 
requirements given in the introduction) the need “allow the 
axial rotation” is considered a constraint. Finally, the 
definition of  the design problem in the functional domain has 
the following functional requirements and constraints (see 
Table 1): 

List of  functional requirements: Avoid the axial 
translation of  the shaft, avoid the radial translation of  a point 
of  the shaft (point A), and avoid the radial translation of  
another point of  the shaft (point B). 

List of  constraints: Allow the axial rotation of  the shaft. 
These lists of  functional requirements and constraints 

can be replicated for each one of  the shafts without breaking 
the conditions of  being minimum and independent. Note that 
functional requirements and constraints have been obtained 
for a rigid body (infinite stiffness is assumed). A real shaft has 
a finite stiffness that could require more than two points of  
control to accomplish the customer’s motivation. The 
introduction of  a third point (point C) in the list would break 
the independence of  the list. Axiomatic Design recommends 
increasing the stiffness of  the shaft (mainly to flexion) until 
the third point of  control could be removed from the list. In 
this way “provide enough stiffness to flexion” could appear as 
a new constraint in the list of  constraints. 

List of  constraints: Allow the axial rotation of  the shaft, 
and provide enough stiffness to flexion. 

Table 1. Functional requirements for one shaft. 
FRs Description 
FR1 Avoid the axial translation 
FR2 Avoid the radial translation of  point A
FR3 Avoid the radial translation of  point B

 

2.3 PHYSICAL DOMAIN 
The solution adopted in the physical domain is a set of  

roller bearings. A roller bearing is able to avoid radial and axial 
displacements and allows axial rotation. Note that, in general, 
a roller bearing is able to support radial and axial forces as well 
as small radial torques in the point where it is mounted. This 
means that each roller bearing introduces three design 
parameters (see Table 2): axial force, radial force, and radial 
torque. The design matrix for a set of  n roller bearings 
appears in Fig. 3. These bearings can be used to connect the 
shaft to another shaft and/or to the case. 

Table 2. Design parameters for a roller bearing. 
DPs Description 
DP1 Axial force 
DP2 Radial force 
DP3 Radial torque 

 
 
 
 
 
 
  

  Bearing 1 Bearing 2 Bearing 3 …
  DP1 DP2 DP3 DP1 DP2 DP3 DP1 DP2 DP3 …

Shaft 1
FR1 X   X   X   …
FR2  X x  X x  X x …
FR3  X x  X x  X x …

Bearing 1 Bearing 2 Bearing 3

Shaft 1
Point A Point B

 
Figure 3. Design matrix and scheme for a set of  roller 

bearings supporting one shaft. 

Fig. 3 shows the design matrix for an arbitrary position 
of  the bearings (i.e., their positions do not have to coincide 
with points A and B). This means that all of  the radial forces 
of  the bearings affect FR2 and FR3. Because the thickness of  
a roller bearing is much less than the length of  the shaft, the 
radial torque that a roller bearing can support is small. 
Therefore, the design matrix has dominant effects (the 
elements marked with a capital X), elements whose order of  
magnitude is much less than the dominant ones (the elements 
marked with a lowercase x), and elements whose effect is 
negligible (elements with a blank).   

The number of  bearings over the shaft, their type, and 
their positions must be defined by the designer. Following 
Axiomatic Design, the design matrix given in Fig. 3 does not 
represent a good design because it has more design 
parameters than functional requirements and because the 
design matrix is coupled. 

2.4 INDEPENDENCE AXIOM 
Axiomatic Design shows that the previous design can be 

improved if  the design matrix becomes diagonal. To achieve 
this objective, we will retain one dominant element in each 
row: the one that allows the matrix to be rearranged to be 
diagonal. Fig. 4 shows the result. 

 
  Bearing 1 Bearing 2 Bearing 3 …
  DP1 DP2 DP3 DP1 DP2 DP3 DP1 DP2 DP3 …

Shaft 1
FR1 X         …
FR2  X        …
FR3     X     …

Bearing 1 Bearing 2

Shaft 1
Point A Point B

 
Figure 4. Matrix and scheme of  a decoupled design for 

one shaft. 

The decoupled design matrix obtained from the 
Independence Axiom states that: 1) only two bearings must be 
used, 2) the radial force introduced by one bearing must affect 
only the radial displacement of  one point, and 3) only one 
bearing must support axial forces. Condition 1) states that the 
set of  bearings must be a pair.. To achieve condition 2), 
bearing 1 must be placed over point A, and bearing 2, over 
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point B. To achieve condition 3), one roller bearing must be a 
ball roller bearing, and the other, a cylinder roller bearing. 
Thus, the solution imposed by Axiom 1 is feasible. This 
solution uses a couple of  bearings (one is a ball bearing, and 
the other a cylinder bearing), so the design parameters can be 
rewritten as shown in Table 3. 

Table 3. Design parameters for a couple of  bearings. 
DPs Description 
DP1 Axial force of  the ball bearing 
DP2 Radial force of  the ball bearing 
DP3 Radial force of  the cylinder bearing

 
For an arbitrary number of  shafts, say N, the solution 

above indicates that each shaft requires a couple of  bearings. 
However, nothing is stated about the relative position of  the 
bearings between the shafts and the case. 

 
Compressor side

Turbine side

Ball bearings

Cylinder bearings

 
Figure 5. Arrangement whose design matrix is the one 

given by Fig. 6. 

 
  Couple 1 Couple 2 Couple 3 …
  DP1 DP2 DP3 DP1 DP2 DP3 DP1 DP2 DP3 …

Shaft 1 
FR1 X   X      …
FR2  X   X     …
FR3   X   X    …

Shaft 2 
FR1    X   X   …
FR2     X   X  …
FR3      X   X …

Shaft 3 
FR1       X   …
FR2        X  …
FR3         X …

… … … … … … … … … … … …
Figure 6. Design matrix for N shafts and a set of  N 

couples of  bearings. 

A feasible solution is the configuration shown in Fig. 5. 
The design matrix of  this configuration is the one given in Fig. 
6. Again, Axiom 1 states that this solution is not a good one 
because its design matrix is not diagonal. In order to obtain a 
better design we retain in each row the dominant effect that 
changes the matrix into a diagonal one. Fig. 7 shows the result. 
A scheme of  the physical arrangement for this configuration 
is drawn in Fig. 8. Thus, Axiom 1 has promoted a solution 
where all the shafts are connected to the case. 

 
 
 

 
  Couple 1 Couple 2 Couple 3 …
  DP1 DP2 DP3 DP1 DP2 DP3 DP1 DP2 DP3 …

Shaft 1
FR1 X         …
FR2  X        …
FR3   X       …

Shaft 2
FR1    X      …
FR2     X     …
FR3      X    …

Shaft 3
FR1       X   …
FR2        X  …
FR3         X …

… … … … … … … … … … … …
Figure 7. Decoupled design matrix for N shafts and a set 

of  N couples of  bearings. 

Compressor side

Turbine side

Ball bearings

Cylinder bearings

 
Figure 8. Arrangement for the decoupled design matrix 

given in Fig. 7. 

2.5 INFORMATION AXIOM 
In the solution fixed by the Independence Axiom (Fig. 7), 

there is still an ambiguity. Since the two bearings are not 
symmetrical (one bearing is a ball bearing and the other is a 
cylinder bearing), the position of  the couple with respect to 
the inlet and outlet sections of  the engine must be specified. 
The configuration in Fig. 8 is one possibility, but the 
configuration with the roller bearings in the side of  the 
compressor is equally valid. To fix this question we will use 
the Information Axiom. The Information Axiom states that 
the probability of  success must be maximized. As a 
consequence, reliability must be introduced in the formulation 
of  the problem. 

The demands on ball bearings are greater than the 
demands on cylinder ones because: 1) the former supports a 
greater load (they must support axial and radial loads, whereas 
cylinder ones only support radial loads), and 2) the stress 
concentration is greater in a ball bearing than in a cylinder one.  
(The contact for a ball is a point, whereas the contact for a 
cylinder is a line.) Thus, for a given level of  loads, and a given 
lifetime, the reliability of  ball bearings is less than the 
reliability of  cylinder bearings. Besides, the greater the 
temperature, the greater the losses in mechanical properties 
(for example, hardness decays if  temperature increases). Thus 
the compressor side is a less dangerous environment than the 
turbine (or combustor) side. In order to increase the 
probability of  success, the weaker elements should be 
positioned in the less aggressive environment. So, ball bearing 
must be near compressors, and cylinder bearings must be near 
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turbines. Therefore, the Information Axiom chooses the 
configuration in Fig. 8 as the best one. 

2.6 ASSESSMENT OF THE SOLUTION 
As shown, Axiomatic Design has frozen a conceptual 

design that satisfies the customer’s motivation. The frozen 
configuration is the nearest to the ideal design that the system 
allows. Obviously, although Axiomatic Design marks this 
solution as optimum, industry can exploit others. For example 
the TRENT family of  turbofans developed and exploited by 
Rolls-Royce, which are turbofans with three shafts, exhibits a 
configuration very similar to the one obtained in this paper 
but not identical [Rolls-Royce, 2010]. Note that this family of  
engines covers a huge range of  sizes: it is used for the 
propulsion of  the aircrafts Airbus A330-200, and -300 (Trent 
700), Boeing 777-200, -200ER, and -300 (Trent 800), Airbus 
A340-500, and -600 (Trent 500), Airbus A380-800, and -800F 
(Trent 900), Boeing 787 (Trent 1000), and Airbus A350-800, 
and -900 (Trent 1700). The aircrafts Airbus A340-200, and -
300  also use the engine CFM56-5C, which is an engine with 
two shafts [CFM, 2010]. Obviously, it is not the purpose of  
this paper to discuss the particularities of  all these engines. In 
general, the main differences appear in the shaft that supports 
the fan, because it normally has three main bearings, and a 
roller bearing connected to another shaft. Therefore, a 
particularity of  design adopted by the industry is the location 
of  roller bearings between shafts. Since this solution is not 
optimum from the point of  view of  Axiomatic Design, 
Axiomatic Design advises to revise the constraints that are 
leading to such design. 

A non-optimum design for a three-shaft engine, like the 
one in Fig. 5, has six conflictive elements in the design matrix. 
As can be seen in Fig. 6, removing one shaft reduces the 
number of  off-diagonal elements from 6 to 3. Besides, if  
there is only one bearing between the shafts, and if  this is the 
cylinder one, the number of  off-diagonal elements is again 
reduced from 3 to 1. This configuration is almost ideal (there 
is only one problematic element in the design matrix). A 
detailed study of  a similar two-shaft configuration with a 
roller bearing between shafts appears for a small turbojet 
engine in [Hsia-Wei et al., 2004]. 

For the optimal solution obtained previously (see Fig. 8), 
it is also interesting to note that both forces, the axial force 
and one of  the radial forces, are supported by the same 
bearing (the ball bearing). Thus this bearing is satisfying two 
functional requirements at the same time. Hence, the solution 
previously obtained also satisfies Corollary 3 (Integration of  
physical parts [Suh, 1990]). This corollary states that design 
features must be integrated in a single physical part if  FRs can 
be independently satisfied in the proposed solution. As the 
next section shows, solutions that accomplish this corollary 
have a lower reliability than those that do not. However, the 
next section shows that, in a high-speed shaft, centrifugal 
forces over the balls (or the cylinders) in the bearing avoid the 
separation of  radial and axial forces. Hence, the solution 
previously obtained is the best one for a jet engine.  

 

3 MAXIMUM RELIABILITY AS A CUSTOMER’S 
NEED 

3.1  REFORMULATION OF THE DESIGN PROBLEM 
The Information Axiom establishes that the probability 

of  success must be maximized. Therefore, the probability of  
success of  each physical part must be as high as possible. 
Hence, the customer’s motivation might have been written as: 
“establish the configuration for the main bearings of  a jet 
engine that supports the shafts and that assures that the 
probability of  success is maximum”. 

3.2 CUSTOMER DOMAIN 
In the aeronautical environment, reliability is of  the 

highest interest. This means that probability of  success (or 
reliability) is always a need that describes the customer’s 
motivation. Thus for this customer, Axiom 2 is a reminder of  
this need. In this case, the customer’s motivation is: “Maintain 
the relative position of  the shafts and the case allowing any 
axial rotation of  the shafts with maximum reliability”. 

3.3 FUNCTIONAL DOMAIN 
The new motivation can be explicitly formulated if  a new 

need is added to list 3. The result is the following list. 
List of  customer’s needs (list 4): Avoid the axial 

translation, avoid the radial translation of  a point A on the 
shaft, avoid the radial translation of  another point B on the 
shaft, allow the axial rotation, and obtain the highest reliability. 

List 4 has been obtained from the list 3 discussed above 
by adding the new need associated with reliability. This new 
need is not independent of  the others because the reliability 
decreases as long as the other needs are stricter. Although all 
of  the needs are required to define the motivation of  the 
customer, the Information Axiom and the customer’s need 
dictate that reliability is the most important one. Hence, the 
motivation could be expressed in the functional domain as: 

List of  functional requirements: obtain the highest 
reliability. 

List of  constraints: Avoid the axial translation of  the 
shaft, avoid the radial translation of  a point on the shaft 
(point A), avoid the radial translation of  another point on the 
shaft (point B), and allow the axial rotation. 

Because the reliability is obtained only when a solution is 
provided in the physical domain, the list of  functional 
requirements can be rewritten as: 

List of  functional requirements: obtain the highest 
reliability for each part in the physical domain. 

Table 4. Functional requirements. 
FRs Description
FR1 Maximum reliability of  part 1 in the physical domain
FR2 Maximum reliability of  part 2 in the physical domain
FR3 Maximum reliability of  part 3 in the physical domain
... ...

 

3.4 PHYSICAL DOMAIN 
As in the previous section, the solution adopted in the 

physical domain for fulfilling the functional requirements and 
constraints is a set of  roller bearings. Again, each roller 
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bearing introduces three design parameters: axial force, radial 
force, and radial torque. However, now the functional 
requirement is the reliability of  each bearing, so there are 
more design parameters that affect this functional requirement 
than before. For example, bearing temperature and rotational 
speed also affect reliability. Let us call operational parameters 
to this set of  variables affecting the reliability. They are 
collected for one bearing in Table 5. The resulting design 
matrix for a set of  shafts connected to each other by a set of  
ball bearings is represented in Fig. 9. In this design matrix, the 
intensities of  the relationships between operational 
parameters and functional requirements have been labelled 
with a number: 1, 2 or 3. (The larger the number, the stronger 

the dependency.) Therefore, following the Independence 
Axiom, it is better to remove from the design matrix the 
higher numbers in first place. This has been done for two 
different solutions, (see Figs. 10 and 11, which are, respectively, 
the design matrices of  the designs given in Figs. 8 and 12)). 

Table 5. Operational parameters for a roller bearing. 
Ps Description
P1 Axial force
P2 Radial force
P3 Radial torque
P4 Others such as temperature and rotational speed

 
   Operational Parameter 
   S1 S2  
   B1 B2 B3 … B1 B2 B3 …  
   P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 … P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 …  

Re
lia

bi
lit

y 

S1 

B1 1 1 2 3 1 1 2  1 1 2 … 1 1 2 1 1 2 1 1 2    
B2 1 1 2  1 1 2 3 1 1 2 … 1 1 2 1 1 2 1 1 2    
B3 1 1 2  1 1 2  1 1 2 3 … 1 1 2 1 1 2 1 1 2    
... ... ... ...  ... ... ...  ... ... ... ... ... ... ... ... ... ... ... ...    

S2 

B1        … 1 1 2 3 1 1 2 1 1 2    
B2        … 1 1 2 1 1 2 3 1 1 2    
B3        … 1 1 2 1 1 2 1 1 2 3   
        ... ... ... ... ... ... ... ... ...    

               
Figure 9. Design matrix for N shafts and a set of  n roller bearings. All bearings are ball bearings and each shaft is 

connected to the immediately inner shaft, except the shaft 1, which is connected directly to the case. 

   Operational Parameter  
   S1 S2  
   B1 B2 B3 … B1 B2 B3 …  
   P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 … P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 …  

Re
lia

bi
lit

y 

S1 

B1 1 1 3     …       
B2     1  3 …       
B3        …       
... ... ... ...  ... ... ...  ... ... ...       

S2 

B1        … 1 1 3       
B2        … 1 3       
B3        …       
...        ... ... ... ... ... ... ... ... ...    

               
Figure 10. Design matrix for N shafts and a couple of  bearings per shaft. One bearing is a ball bearing and the other one 

is a cylinder bearing. Each shaft is connected only to the case. 

   Operational Parameter  
   S1 S2  
   B1 B2 B3 … B1 B2 B3 …  
   P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 … P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4 …  

Re
lia

bi
lit

y 

S1 

B1 1  3     …       
B2     1  3 …       
B3        1 3 …       
... ... ... ...  ... ... ...  ... ... ...       

S2 

B1        … 1 3       
B2        … 1 3       
B3        …   1 3   
...        ... ... ... ... ... ... ... ... ...    

               
Figure 11. Design matrix for N shafts and three bearings per shaft. Each shaft has a bearing supporting pure axial loads, 
and two bearings supporting pure radial loads. All bearings are cylinder bearings and each shaft is connected only to the 

case. 
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3.5 INDEPENDENCE AND INFORMATION AXIOMS 
As a first approach, the reliability of  a roller bearing 

follows a Weibull distribution [Harris, 2001 and Benavides, 
2010]: 

 
1 10ln ln

9

pe
e FL

R C
⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (1)  

where R is the reliability, L is the lifetime, and F is the force.  
Parameters C, p and e are model parameters which 

depend respectively on the detailed design (and 
manufacturing), type of  contact, and material. We will assume 
that the probability of  success can be approached in a first 
attempt as the reliability (i.e., the probability of  success during 
a lifetime L supporting a force F is R). As a consequence the 
information content can be expressed in NATs as: 
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 (2)  

The information contents for bearings that support 1) 
only axial force, 2) only radial force, and 3) axial plus radial 
forces, are respectively given by Eqs. (3), (4), and (5). 
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Therefore the information content of  a design given by 
the design matrix of  Fig. 10 is Iar, while the information 
content of  the design given by the design matrix of  Fig. 11 is 
Ia+Ir. In order to compare the information content of  both 
designs we will use the dimensionless difference of  
information content given by: 

 
2 2

21 1

pepe

a r ar r r

a a a

I I I F F
I F F

⎛ ⎞ ⎛ ⎞+ −
= + − +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
 (6)  

 This expression can be rewritten as the following 
function: 

 2( ) 1 (1 ) 0( )q q qf x x x x qx x= + − + = − +  (7)  

 1 1 1( ) 1 (1 )q qdf x qx x
dx

− − −⎡ ⎤= − +⎣ ⎦  (8)  

Because the first derivative is always negative if  q>1 (or 
always positive if  q<1), it is possible to prove that f(x) is 
always negative when q>1 (respectively, positive when q<1). A 
ball bearing has a typical value for e near 1.12 and for p near 3, 
so that q=pe/2 is near 1.68, which is greater than one. This 
means that the information content of  the design in Fig. 10 is 
always greater than the information content of  the design in 

Fig. 11, i.e., Ia+Ir-Iar<0. Thus, the Information Axiom leads us 
to replace the ball bearing in each shaft by a set of  two 
cylinder bearings (one for supporting axial loads and the other 
for supporting radial loads). This solution is only valid for low 
speed shafts, because Eq. (3) does not include radial forces 
due to centrifugal loads over the roller elements. This is the 
solution with maximum reliability that accomplishes both 
axioms. (Note that it does not accomplish Corollary 3, and 
that it is only valid for low rotational speeds.) 

 
Compressor side

Turbine sideAxial Bearing Radial Bearings  
Figure 12. Scheme of  one shaft supported by a set of  
three cylinder bearings. This solution comes from the 

design matrix in Fig. 11. 

4 DISCUSSION 
The previous sections have shown that both axioms 

produce different solutions depending on the set of  
functional requirements and constraints. The main difference 
between both approaches is the incorporation of  the 
reliability as an explicit requirement. Although having two 
solutions could seem a contradiction, it is not. The reason is 
that the Axiomatic Design is a guide for the creativity process. 
This guide has leaded us to two different solutions that satisfy 
the Independence Axiom. (Note that the solution in Fig. 12 
also satisfies the formulation of  the design problem given in 
Section 2.) On the other hand, Information Axiom tends to 
select the design in Fig. 12 as the best one. However, this 
option is only correct for slow machines. For high speed 
shafts (such as jet engine shafts) it is very difficult to include a 
roller bearing without radial forces because the centrifugal 
load over each roller element is always present. This means 
that it is impossible to separate the axial and the radial loads 
and hence the solution in Figs. 11 and 12 is not feasible. 
Therefore, the best configuration is the one represented in 
Figs. 7, 8, and 10, which is also the one chosen by the industry. 

This technological application of  the Axiomatic Design 
illustrates the power of  this methodology as a tool to save 
time and cost in the design process. In effect, the number of  
initial configurations grows as a power of  2. For a 
configuration with N shafts and n roller bearings in each shaft, 
there are the followings physical restrictions:  1) at least two 
bearings of  the configuration must be touching the case, and 
2) at least one bearing in each shaft must be a ball bearing. 
This means that 1) there are N ball bearings that can be placed 
at the compressor side or at the turbine side, 2) there are N(n-
1) bearings that can be ball bearings or cylinder bearings, and 
3) there are (N-1)n bearings that can be touching the case or 
touching the inner shaft. Therefore, the number of  initial 
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configurations is 2N(2n-1)-n+1. With 3 shafts and 2 bearings in 
each shaft, there are 256 initial configurations! Axiomatic 
Design selects only one of  them for being considered in the 
detailed design.  

5 CONCLUSION 
This paper shows that Axiomatic Design is applicable for 

obtaining the best configuration of  the main bearings of  a jet 
engine with several shafts. The application of  this 
methodology to a three-shaft engine has reduced the number 
of  initial cases from 256 to 1. Therefore, it proves that 
Axiomatic Design is a design technique of  high added value 
because, with a minimum consumption of  resources, it 
reduces the number of  initial possibilities from a huge 
number to one. Besides, in the absence of  other constraints or 
needs, this solution establishes a target for industrial 
developments. 

This paper shows how the list of  functional requirements 
and constraints can be easily modified if  the Information 
Axiom is included as an initial need. In this case, the result is a 
configuration with three bearings per shaft. This solution 
accomplishes the Independence Axiom. However, depending 
on the rotational speed of  the shafts, the solution obtained 
from the new set of  functional requirements and constraints 
may or may not comply with the Information Axiom. For low 
speed shafts, the information content of  the new solution is 
lower than the previous one (with two bearings per shaft). For 
a case with higher rotational speeds, which is the case of  jet 
engines, the new solution is not physically acceptable. 
Therefore, the target solution is a set of  two bearings per 
shaft where one bearing is a ball bearing placed at the 
compressor side, the other is a cylinder bearing placed at the 
turbine side, and where both bearings are fixed to the case. 
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ABSTRACT 
In the manufacture of  light emitting diodes (LEDs), the 

process of  dicing that separates fabricated chips into pieces 
from quartz wafers is critically important as it determines the 
quality and productivity of  produced LEDs. However, 
traditional methods using either mechanical grinding wheels 
or relatively long pulse lasers suffers mechanical or thermal 
defects such as debris, cracks, heat-affected zone and large 
dicing width. In this work, an axiomatic design approach is 
used to develop a novel high-brightness wafer dicing machine 
that allows minimized mechanical thermal effects with the aid 
of  ultrafast femtosecond laser pulses. 

Keywords: wafer dicing, femtosecond pulse laser, non-
thermal machining. 

1 INTRODUCTION 
Since 2000, the market for LEDs has grown at an average 

annual rate over 9.0 % to reach a value of  1.6 billion USD in 
2008. This growth has been driven by the novel emerging 

market of  flat panel displays, automotive, signage, and the 
amusement and lighting industry. As the whole market size 
increases, the improvement of  the overall manufacturing 
process is getting more critical to meet the customer’s diverse 
requirements. The LED manufacturing process consists of  
four steps, epi wafer manufacturing, chip production, 
packaging, module, in order. In chip production, the 
separation of  fabricated chips into pieces is one of  the most 
important procedures for high brightness LEDs, which is the 
so called wafer dicing process. Here, we present an overall 
design process of  the LED wafer dicing machine based on the 
axiomatic design approach [Suh, 2001]. 

2 CNS, FRS AND FEMTOSECOND LASER 
MACHINING 

First, it is essential to define customer’s needs (CNs) for 
the design of  the LED wafer dicing machine. The customer 
here is the LED manufacturer and representative CNs for 
LED products are: ‘high brightness’ and ‘high productivity’. In 
terms of  the brightness, mechanical and thermal defects of  
wafer dicing such as debris, cracks, and heat affected zones 
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(HAZs) severely limit the LED performance which stems 
from the melting process of  the target material. Therefore we 
can set the main functional requirement (FR) to ‘dice the 
wafer’ and then set the first sub-FR to ‘decrease the thermal 
effects’. High productivity can be realized by ‘increasing the 
dicing speed’, the second sub-FR. 

These two sub-FRs are not easy to satisfy at the same 
time due to the limitations of  conventional dicing methods. 
Mechanical grinding makes unwanted vibration and high 
temperatures which result in residual stress, debris, cracks, and 
HAZs on the LED wafer even though it offers high speed. 
Vibration and thermal effects can be partially decreased by 
using continuous or pulse lasers, which are not, however, still 
sufficient level. A novel non-thermal laser dicing method is 
adopted here by using high-peak power of  ultrafast 
femtosecond (fs, 1/1015 s) pulses for LED wafers. Unlike 
conventional thermal laser dicing, femtosecond pulses directly 
convert the target material into plasma without a temperature 
induced phase change from solid to liquid or vapour. This 
enables non-thermal dicing of  the LED wafer without any 
performance degradation as shown in Figure 1. Confined 
energy in ultra-short time duration would also enable high 
productivity. An axiomatic design approach is made to 
develop a novel LED dicing machine here with the aid of  
ultrafast femtosecond laser pulses. 
 

 
Figure 1. Non-thermal fabrication using ultrafast 

femtosecond laser pulses. 

 

3 DPS OF NEW DICING MACHINE 
The four domains of  design are as shown in Figure 2: the 

customer domain, functional domain, physical domain and 
process domain. CNs and FRs are defined as above. Now it is 
time to define design parameters (DPs) and process variables 
(PVs). DPs are qualitative and quantitative aspects of  physical 
and functional characteristics of  the LED dicing machine, 
which can be defined through the interaction between the fs 
laser pulse and LED wafer. 

 

 
Figure 2. The four domains of  design. 

3.1 THE INTERACTION BETWEEN ULTRAFAST 
FEMTOSECOND LASER PULSE AND MATERIAL 

To remove atoms or molecules from a target material by 
laser pulses, one should deliver energy well over the binding 
energy of  the target atom or molecule. This kind of  removal 
phenomenon in excess of  the binding energy is called ablation, 
and it can be analysed by a two-temperature model (TTM) 
[Chichkov et al., 1996]. The ultra-short pulse irradiated 
material is divided into two sub systems for the TTM analysis: 
the electron sub-system and lattice sub-system. The TTM 
defines the whole ablation procedure into three steps: electron 
ionization, heat transfer from electron to lattice, and ion 
separation. The detailed study for each process is required to 
determine the DPs. When ultra-short pulses are irradiated to a 
target material, the energy is firstly absorbed by electron sub-
system. Then, energetic electrons escape from the parent 
material, which is called ionization. There are two ionization 
mechanism, photo-ionization and avalanche ionization, which 
usually occur at the same time.  

The photo-ionization is a direct excitation of  electrons by 
the irradiated laser field. It can be further divided into 
tunnelling ionization and the multi-photon ionization (MPI). 
The former is caused by Coulomb well suppression in case of  
the ambient electric field being strong enough to free the 
bound electrons over the suppressed barrier. The latter is 
based on the absorption of  several photons with relatively 
weak electric field by a single electron. The probabilities of  
these two photo-ionization processes depend on Keldysh 
parameter (γ ) as shown in Figure 3. 

 

 
Figure 3. Photo-ionization process [Schaffer et al., 2001]. 
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The Keldysh parameter is a quantitative indicator of  the 
regime which process might dominate the ionization and 
defined as follows [Schaffer et al., 2001]. 
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where, ω  is the laser frequency, m is the reduced mass of  
the electron, e is the charge of  the electron, I  is the intensity 
of  laser at focal point, c  is the velocity of  light, n  is the 
refractive index of  material, gE  is the band-gap energy of  

material, and 0ε  is the permittivity of  free space. 
Avalanche ionization is a linear absorption process of  

free carriers that is followed by impact ionization. Free 
electrons in the target material linearly absorb several photons. 
As a result, their energy states move to higher ones in the 
conduction band. For both energy and momentum to be 
conserved, electrons should transfer their own momentum by 
absorbing/emitting phonons. As shown in Figure 4, electrons 
then ionize other electrons from the valence to conduction 
band in a collision manner, which is called impact ionization. 

 

 
Figure 4. Avalanche ionization process. 

The time dependent free electron density en can be expressed 
by the rate equation below [Gamaly et al., 2002]. 
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where, an  is the density of  neutral atoms, PIw  is the time 

independent probability for the photo-ionization and AIw  is 
the probability for the avalanche ionization. The probabilities 

PIw  and AIw  can be respectively written in the form 
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where oscε is the electron quiver energy in the laser field, 

ωh/iph Jn =  is the number of  photons necessary for atom 

ionization by the multi-photon process, iJ is the ionization 

potential, effν  is the effective collision frequency, α accounts 
for the laser polarization, I is the peak power intensity of  
pulse laser and λ  is the wavelength of  laser. 

The second step of  the ablation mechanism is heat 
transfer from the electron to the lattice sub-system. The TTM 
which models heat transfer in a material as a function of  
space and time can be used for ultra-short laser pulses. Two 
sub-systems in TTM are governed by two coupled differential 
equations. Energy transfer from the electron to the lattice sub-
system by Coulomb collisions takes less than several 
picoseconds. Therefore, the fundamental principle of  laser-
material interaction changes when the pulse duration is 
significantly shorter than the energy transfer time. The ultra-
short pulse duration (< 10 ps) implies that the conventional 
hydrodynamics motion does not to occur. 

Ion separation is the third step of  ablation. There are two 
forces which are momentum transfer from energetic electrons 
to the ions in the irradiated area. These two forces, 
electrostatic force and ponderomotive force, pull parent ions 
in opposite directions. The energetic electrons escape the 
material and create a strong electric field due to charge 
separation with the parent ions. The magnitude of  this electric 
field ( aE ) depends on the electron kinetic energy 

)(~ escee T εε − ( escε  is the work function) and on the 
gradient of  the electron density along the normal to the target 
surface. This electric field of  charge separation pulls out 
parent ion. This force is called the electrostatic force ( stelF − ). 
The electrostatic force can be evaluated by Debye length, 

peeDl ων /~ , where 2/1]/)[( eescee mT εν −=  is the 

electron thermal velocity. en  is the density of  electron, sl  is 

the skin depth, peω  is the electron plasma frequency 
[Gamaly et al., 2002]. 
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The ponderomotive force ( pfF ) is another force applied 

to the ions push into the material, so the parent ions are 
accelerated into the material. This force is a nonlinear force 
that a charged particle experiences in an inhomogeneous 
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oscillating electric field. e  is the an electric charge, em  is the 
mass of  electron. 
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Let us compare the force in the electrostatic field of  the 

space charge to the ponderomotive force of  the laser.  
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For a solid state density plasma, 10~/ωω pe , the ratio is 
much more than 1, so the ponderomotive force can be 
neglected. The force of  electrostatic field pulls the ions out of  
the material if  the electron energy is larger than the binding 
energy of  ions in the lattice.  

3.2 DEFINE DPS FROM ABLATION FORMULAS 
The design parameters of  LED dicing machine are 

deducted based on the pulse-material interaction formulas. 
From Eq. (1) ~ (9), we can determine laser parameters 
(repetition rate, intensity, pulse duration, wavelength, and 
polarization state), which can be defined as design parameters 
of  dicing machine. 

 

 
Figure 5. Design parameter of  dicing machine. 

FRs and DPs of  novel LED dicing machine using ultra-short 
femtosecond pulse laser can be summarized as below.  

 
FR1 = Dice the wafer 
FR11 = Decrease thermal effects 
FR12 = Increase dicing speed 

DP1 = Repetition rate 
DP2 = Intensity 
DP3 = Pulse duration 
DP4 = Polarization 
DP5 = Wavelength 
 

The design equation for the novel dicing machine can be 
written as 
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3.3 DEFINE BOUNDARY CONDITIONS OF DPS 
As a boundary condition of  DPs, the ablation threshold 

( thF , [Joule]) of  the LED wafer described by the interaction 
between ultrafast fs laser pulse and material can be used 
[Gamaly et al., 2002]. 
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The threshold of  quartz wafers is about 1 J/cm2, which 
implies that the pulse energy should exceed 1 μJ at 100 μm2 
focal area. Two DPs, the repetition rate and intensity, are 
related to the pulse energy. 

Another boundary condition can be derived from the 
second step of  the ablation mechanism as the pulse duration. 
To suppress heat transfer to the lattice, the pulse duration 
should be significantly shorter than the energy transfer time 
~10 ps.  

4 DPS CONTRIBUTIONS TO FRS 
Each DP contributes to the FRs in a positive or negative 

manner. The tendency should be figured out here for DPs to 
be optimized to satisfy the FRs. Repetition rate means the 
frequency number of  pulses per unit time (1 sec). The time 
interval between pulses becomes shorter as the repetition rate 
increases. If  fs pulses are separated by several milliseconds, 
the temperature of  the focal volume returns to room 
temperature before the next pulse arrives [Gattass et al., 2006]. 
On the other hand, as the repetition rate increases, the pulse 
energy accumulates in the focal volume, which produces 
thermal structural changes, as shown in Figure 6. Therefore, 
we can conclude the higher repetition rate gives negative 
effects to the first FR (decrease thermal effects). However, the 
energy to ablate the target material increases with higher 
repetition rate, which gives positive effects to the second FR 
(increase dicing speed). 

 

 
Figure 6. Energy deposits according to repetition rate. 

The second DP is the intensity of  the fs laser. The higher 
intensity ablates the target material more, which means that 
the intensity provides a positive effect on the second DP. 
Figure 7 shows various intensities and ablation thresholds. 
The higher intensity (①) offers more area exceeding the 
threshold but also a larger area below the threshold intensity. 
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Because the area below the threshold contributes to thermal 
effects, the high intensity can negatively affect FR1.  

 

 
Figure 7. Time-dependent intensity in the focal region. 

The third DP is the pulse duration, the temporal width of  
the pulse. As mentioned in section 3, a pulse duration that is 
shorter than the time needed for heat transfer from electron 
to lattice suppresses the heat increase in the lattice, which 
helps to satisfy FR1. Because the peak power is inversely 
proportional to the pulse duration, a shorter pulse duration 
offers a higher peak power. The threshold intensity for 
ablation decreases according to the decrease of  the pulse 
duration as shown in Figure 7 [Giguere et al., 2007]. As the 
pulse duration increase, the positive area of  exceeding the 
threshold increases and the negative-effect area not exceeding 
the threshold also decreases. Therefore, a decrease of  the 
pulse duration positively affects both FRs. 

The polarization is the fourth DP. It was already shown 
in Eq. (5) that a circular polarization state is the most 
appropriate for efficient ionization. The fifth DP is the 
wavelength. The ablation threshold is inversely proportional 
to the wavelength of  the laser, therefore a shorter wavelength 
gives us better performance for both FRs.. 
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The DPs contribution tendencies to the FRs are 

summarized in Eq. (12). Repetition rate and intensity give 
contrary effects to each FR, although pulse duration and 
wavelength gives same ones. Therefore, to satisfy both FRs, 
we should shorten the pulse duration and wavelength in use. 
For repetition rate and intensity, it is essential to find out the 

detailed relationship between the FRs and DPs by using a 
theoretical and experimental approach  

5 CONCLUSION 
In conclusion, an ultra-fast fs laser based non-thermal 

LED dicing machine is designed by using an axiomatic design 
approach. We defined the CNs as ‘high brightness’ and ‘fast 
dicing speed’, and the FRs as ‘decrease thermal effects’ and 
‘increase dicing speed’. Through a detailed investigation about 
the interaction between ultrafast fs laser pulses and the target 
material, DPs are deduced. The DPs’ contribution to each 
FRs is then visited. As a result, the repetition rate and 
intensity are shown to give contrary effects to each FR, 
whereas other DPs, pulse duration and wavelength, give the 
same. Further theoretical and experimental study is required 
to find optimal design to satisfy the FRs. It is anticipated that 
the proposed design approach would work for diverse next 
generation non-thermal processing of  high value products 
with the finest structure and high processing speed. 

6 REFERENCES 
[1]   Chichkov. B.N., Momma. C., Nolte. S., Alvensleben. F, 

Tunnermann. A., “Femtosecond, picosecond and 
nanosecond laser ablation of solids”, Appl. Phys. A, Vol. 
63, No. 2, pp. 109-115, 1996  

[2]   Gamaly. E.G., Rode. A.V., Luther-Davies. L., “Ablation 
of solids by femtosecond lasers: Ablation mechanism and 
ablation thresholds for metals and dielectrics”, Physics of 
Plasma, Vol. 9, No. 3, pp. 949-957, 2002  

[3]   Gattass. R.R., Cerami. L.R., Mazur. E., “Micromachining 
of bulk glass with bursts of femtosecond laser pulses at 
variable repetition rates”, Optics Express, Vol. 14, No. 12, 
2006 

[4]   Giguere. D., Olivie. G., Vidal. F., Teotsch. S., Girard. G,  
Ozaki. T., Kieffer. J.C., “Laser ablation threshold 
dependence on pulse duration for fused silica and corneal 
tissues: experiments and modelling”, J. Opt. Soc. Am. A, 
Vol. 24, No. 6, pp. 1562-1568, 2007 

[5]   Schaffer. C.B., Brodeur. A., Mazur. E., “Laser-induced 
breakdown and damage in bulk transparent materials 
induced by tightly focused femtosecond laser pulses”, 
Meas. Sci. Technol., Vol. 12, pp. 1784-1794, 2001. 

[6]   Suh N.P., Axiomatic Design: Advance and Applications, 
Oxford University Press, 2001 

 



Proceedings of ICAD2011 
The Sixth International Conference on Axiomatic Design 

Daejeon – March 30-31, 2011 
ICAD-2011-27 

 
 

 

ABSTRACT 
Liquefied nitrogen gas (LNG) containment ships  must 

provide cryogenic reliability and safety for at least 40 years of  
operation. The LNG containment system on these ships is 
composed of  metal membrane as a barrier and insulation 
panels. Recently, it has been found that the barrier systems can 
be damaged by impact pressure of  LNG due to the 
generation of  cavitation in containment. The impact pressure, 
which is higher than 1 MPa, with a duration less than a few µs, 
can induce deformation of  the metal membrane as well as 
damage the insulation panels. However, in conventional 
designs of  LNG containment systems, this problem was hard 
to overcome due to the coupled nature of  system. Therefore, 
in this study, the axiomatic design approach was employed to 
develop a new impact resistance system for LNG containment 
ships. 

Keywords: LNG ship, cryogenic, impact, fatigue, cavitation 

1 INTRODUCTION 
The cryogenic containment system for LNG (liquefied 

natural gas) ships consists of  a dual barrier system and 
insulation panels as shown in Figure 1.  

 

 
Figure 1. Schematic diagram of  configuration of  

membrane type LNG carrier. 

Each containment system has an octagonal pillar and the 
total storage volume (with 3-4 containers in a LNG ship) is 
over 150,000 m3 [Kim and Lee, 2008]. The primary barrier is 
composed of  welded thin stainless steels. The secondary 
barrier is composed of  bonded metal sheets with epoxy 
adhesive for high gas tightness [Kim and Lee, 2008]. When 
the primary barrier fails, the role of  the secondary barrier is to 
maintain a leak-tight seal for the LNG during the 15 days that 
it may take to arrive at the nearest harbor for repairs. The 
insulation panel is made of  glass reinforced polyurethane 
foam which has low thermal conductivity and plywood which 
has high stiffness and low density. The polyurethane foam and 
plywood are adhesively bonded to create a light weight 
structure with high bending stiffness. 

Recently, it has reported that the primary barrier was 
deformed and insulation panels were damaged due to the high 
impact pressure of  the gas during operation. In conventional 
approaches, the impact pressure was estimated with a sloshing 
pressure by the LNG flow in the LNG containment unit due 
to the movement of  the LNG ship. However, from numerical 
analysis, it was found that the impact pressure by sloshing 
under certain conditions could not induce the damages 
experienced by the containment system. Also, conventional 
test methods could not be used to investigate the damages by 
high impact pressure due to the differences between the test 
conditions and the real conditions in LNG containment ships. 
Therefore, another approach was needed to verify the high 
impact pressure. Many ship building industries have tried to 
overcome these problems to guarantee the reliability and 
safety of  LNG containment systems. However, in the 
conventional design of  LNG containment, reliability and 
safety are hard to achieved due to the coupled design of  LNG 
containment.  

In this study, the high impact pressure was investigated 
with a focus on cavitation phenomena. Cavitation is the 
formation of  gas bubbles of  LNG, where the local pressure 
drops below the vapour pressure. After the formation of  
these gas bubbles, the bubbles rapidly collapse and produce 
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shock waves with a impact pressure higher than 100 MPa 
[Franc and Michel, 2005]. Since the LNG inside  the 
containment unit could evaporate easily due to the low 
pressure inside, cavitation could be occurred easily with high 
impact pressure. Therefore, the cavitation theory should be 
considered to explain the high pressure in the containment 
system. In this study, a pressure resistance system with 
pressure resistance structure and a vibration isolation layer is 
developed to decrease the impact pressure applied to the 
containment structure using the axiomatic design approach. 

2 AXIOMATIC DESIGN OF THE CRYOGENIC 
CONTAINMENT SYSTEM FOR LNG SHIP 

For efficient and safe transportation of  LNG, leak-
tightness and high thermal insulation performance should be 
guaranteed. Therefore, the functional requirements of  LNG 
containment could be written as follows: 

FR1 = Prevent LNG leakage. 
FR2 = Increase insulation performance. 

While the tightness of  the containment system is largely 
dependent on the structure of  the barrier systems, the thermal 
insulation performance is largely dependent on the thermal 
properties of  the insulation panels. Therefore, the design 
parameters of  LNG containment could be written as follows,  

DP1 = Barrier system  
DP2 = Insulation panels 

The design equation for the LNG containment could be 
depicted with FRs and DPs above as follows: 

 FRFR X 00 X DPDP        (1) 
 

2.1 DECOMPOSITION OF FR AND DP BRANCH OF 
THE BARRIER SYSTEM 

The barrier system (primary barrier) with a thin SUS foil 
with a thickness of  1.2 mm has direct contact with low 
temperature LNG (-163oC). The primary barrier had 
corrugation low plane stiffness for low thermal stress at 
cryogenic temperature and it is welded for high tightness. Also, 
the primary barrier should have high pressure resistance 
against impact pressure. Therefore, the functional 
requirements of  primary barrier could be written as follows,  

FR11 = Keep gas tightness. 
FR12 = Have low surface stiffness. 
FR13 = Have high pressure resistance. 

In conventional barrier system design, two DPs for satisfying 
the three FRs could be written as follows: 

DP11 = Welding structure of  SUS foil 
DP12 = Corrugation 

The design equation for the conventional barrier system may 
be written as follows: 

  FRFRFR X 0X Xx X DPDP   (2) 

The construction process of  the primary barrier is largely 
dependent on the shape of  the corrugation. The shape of  the 
corrugation should be maintained for constructability. 

Therefore, the constraint for the barrier system design may be 
dictated as follows: 

C = Maintain formability of  corrugations of  SUS foil. 
Since the design matrix does not satisfy the half  triangular 
condition, a new barrier system of  LNG ship is needed [Lee 
and Suh, 2006]. In conventional research, the shape of  
corrugation was changed to decrease the plane stiffness as 
well as to increase the pressure resistance. However, these two 
requirements could not be satisfied simultaneously through 
the optimization of  the shape of  the corrugation due to the 
coupled design as shown in equation (2). When the plane 
stiffness is low, the primary barrier could be deformed easily 
under impact pressure. Moreover, there is a constraint of  the 
thickness of  SUS foil for satisfying bending formability during 
the fabrication process of  corrugated SUS foil. Therefore, in 
this study, the pressure resistance structure as an independent 
component was developed to increase the pressure resistance 
without increasing the plane stiffness as shown Figure 2.  

 

 
Figure 2. The schematic diagram of  configuration of  

pressure resistance structure. 

The pressure resistance structure is not joined with the 
primary barrier to prevent a change in the plane stiffness of  
the primary barrier. However, under impact pressure to 
primary barrier, the pressure resistance structure could 
support the corrugation of  the primary barrier as shown in 
Figure 2. Then the design equation with the new DP (DP13 = 
Pressure resistance structure inside the corrugation) could be 
written as follows: 

 FRFRFR X 0 0X X 0x X X DPDPDP    (3) 

 
Since the design matrix becomes half  triangular, the primary 
barrier with a pressure resistance structure could be designed 
with independent parameters for plane stiffness and pressure 
resistance. 

2.2 DECOMPOSITION OF FR AND DP BRANCH OF 
INSULATION PANEL 

The insulation panel is composed of  glass fiber 
reinforced polyurethane foam with low thermal conductivity 
for high thermal insulation performance. The coefficient of  
thermal expansion (CTE) of  foam should be low for low 
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thermal stress of  the structure. Also, the top surface of  the 
insulation panel should be flat for construction of  the primary 
barrier and its pressure resistance should be high enough to 
avoid damages by impact pressure. Therefore, the functional 
requirements could be written as follows:  

FR21 = Have low thermal conductivity. 
FR22 = Have low CTE. 
FR23 = Support barrier uniformly. 
FR24 = Have high impact resistance. 

For the conventional insulation panel design, three DPs for 
satisfying four FRs stated as follows: 

DP21 = Polyurethane foam 
DP22 = Glass fiber reinforcement 
DP23 = Plywood panel 

The design equation for the conventional insulation panel may 
be written as: 

 FRFRFRFR
X X 00 X X0 0 XX x X

DPDPDP   (4) 

 
Since the design matrix does not satisfy the half  

triangular condition, a new insulation panel of  LNG ship 
needs to be designed [Lee and Suh, 2006]. Although the 
pressure resistance of  insulation panel could be improved 
with high density foam, the thermal conductivity could be 
increased, which lowers the thermal insulation performance. 

In this study, for the decoupled design of  the structure, a 
vibration isolation layer (VIL) with low stiffness was employed 
as a bumper, which was placed on the top surface of  
insulation panels as shown Figure 3. 

 

 
Figure 3. The schematic diagram of  configuration of  the 

vibration isolation layer. 

An additional layer of  VIL could decrease the transferred 
pressure to the polyurethane foam for high impact resistance 
of  the overall structure. Therefore, design equation (4) with a 
new DP (DP24 = Vibration isolation layer) could be re-written 
as follows:  

 FRFRFRFR
X X 0 00 X X 00 0 X 00 0 0 X

DPDPDPDP  (5) 

 

Since the design matrix becomes half  triangular, the new 
insulation panel could be designed with low thermal 
conductivity and high impact pressure. 

3 AXIOMATIC DESIGN OF IMPACT 
RESISTANCE SYSTEM OF LNG 
CONTAINMENT SHIPS 

According to the design matrix of  the barrier system, the 
new design is a decoupled design, so it can be realized by 
designing from DP11 sequentially. DP11 and DP12 are now 
conventionally satisfying FR11 and FR12. Therefore DP13 has 
to be designed to satisfy FR13 [Suh, 2001]. Figure 4 shows the 
configuration of  a specimen for a pressure resistance test of  
the primary barrier and Figure 5 shows the shape of  the 
corrugations of  the primary barrier with respect to the 
pressure. When the applied pressure was higher than 1 MPa, 
the corrugation collapsed. The collapsed corrugation could 
increase the plane stiffness of  primary barrier.  
 

 
Figure 4. Specimen for pressure resistance test. 

 

 
Figure 5. Experimental result of  the corrugation shape 

after pressure is applied. 

However, from the experiments, the primary barrier with a 
pressure resistance structure was not deformed under 3 MPa. 
Therefore, it was found that the pressure resistance structure 
could increase the pressure resistance of  the primary barrier. 

3.1 AXIOMATIC DESIGN OF VIBRATION ISOLATION 
LAYER 

The VIL should have low stiffness at -163oC to isolate 
impact from the insulation panels. Also, the VIL should be 
durable at cryogenic temperatures for 40 years which is the 
service life of  LNG ships. Therefore, the functional 
requirements are as follows: 
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FR241 = Reduce impact transfer from the primary barrier 
        to insulation panel. 

FR242 = Have ductility at cryogenic temperature. 
Two DPs for satisfying two FRs stated as follows: 

DP241 = Low stiffness at -163oC 
DP242 = Material without low temperature brittleness 

The constraint of  the VIL is the cost for application to the 
LNG ships as follows, because the total amount of  VIL could 
be 24000 m2: 

C = Minimize the manufacturing cost of  the VIL. 
The design equation for the VIL may be written as follows: 

 FRFR X X0 X DPDP  

A feasibility test was conducted to satisfy the functional 
requirements. The brittleness was investigated with a 
compaction test with a pressure of  1.5 MPa (estimated impact 
pressure in containment) for 10 ms at cryogenic temperatures. 
After the weight drop, the compressive stiffness of  the 
materials was measured by a compressive test to investigate 
the change of  properties due to the damage from brittleness 
(Table 1.).  

 
Table 1. Results of  feasibility test about low temperature 

brittleness of  several materials. 

Material Brittleness at -163oC

Nylon mat Brittle 

PU foam Brittle 

PE foam Brittle 

EVA foam Brittle 

Melamine foam Brittle 

PE mat Brittle 

Glass wool mat Ductile 

Cotton Ductile 

 
According the test result, a glass wool mat and cotton could 
be used for VIL materials. However, since the cost of  cotton 
is much higher than glass wool mats, the glass wool mat was 
employed for the VIL material. 

A fatigue test of  VIL was conducted to investigate the 
durability of  VIL with a test device as shown in Figure 6. The 
pressure was 3.0 MPa. Because it is much larger than the 
strength of  the corrugations (1.0 MPa), this test will guarantee 
the reliability.  

 
Figure 6. A schematic diagram of  low temperature 

impact fatigue test equipment. 

The compressive stiffness of  materials was measured 
with respect to the number of  impacts applied to verify the 
durability. 

 
Figure 7. The test result of  impact fatigue test for glass 

wool mat. 

Figure 7 shows the result of  the impact fatigue test for a 
glass wool mat. From the results, it was found that the glass 
wool mat could have durability during 1000 cycles of  impacts. 
Therefore, the glass wool mat could be a feasible materialfor 
the VIL for LNG ships.  

4 FABRICATION OF VIBRATION ISOLATION 
LAYER AND TEST 

In this study, a test device was developed to investigate 
the effect of  the vibration isolation layer (VIL) on the 
decrease of  impact pressure as shown in Fig. 8. 
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ABSTRACT 
This paper presents some considerations concerning the 

application of  axiomatic design in research. In such a case, the 
researcher sometimes needs to quickly find equipment that is 
adequate to certain experimental conditions; thus, the 
researcher is both customer and designer. On the other hand, 
because the researcher must give creative solutions to some 
stages of  the research, he could be interested in using 
methods capable of  stimulating technical and scientific 
creativity. This paper discusses some of  the results obtained in 
a Romanian technical university concerning the possibility to 
stimulate the students’ creativity. A case study of  the 
application of  axiomatic design in order to develop a device 
for electrical discharge machining of  curvilinear axis holes is 
also presented; this device was needed in a study in the field 
of  non-conventional machining technologies. 

Keywords: scientific research, experimental equipment, 
axiomatic design, creative design, curved hole, device for 
electrical discharge machining 

1 INTRODUCTION 
Generally, scientific research involves several stages. For 

the manufacturing engineering researchers, the main stages 
could be: formulation of  the scientific research subject; 
documentation; elaboration of  assumptions/hypotheses 
(theoretical research); experimental research in order to test 

these hypotheses; elaboration of  conclusions and 
recommendations.  

The experimental testing of  assumptions may involve the 
presence of  adequate equipment. Such equipment may already 
exist in the laboratory or it may be purchased from specialized 
suppliers. 

In scientific research, there are often situations when the 
equipment needed in order to test certain assumptions is not 
found in the laboratory. Other times, the existing equipment is 
unable to provide adequate answers for the experimental stage. 
In such situations, new or improved equipment (experimental 
stand, experimental apparatus, tools for experimental research 
etc.) needs to be designed, manufactured and used. 

Thus, a study may include a research sub-stage in which 
the researcher has to design and produce a certain piece of  
equipment or mechanical structure. In our case, this sub-stage 
could mean the use of  axiomatic design.  

In addition, improved or new equipment could represent 
an additional research contribution. Researchers know that 
their work and activities are better appreciated when they use 
new or improved equipment in experimental research. In fact, 
finding new or improved equipment for experimental or 
generally for practical activities is a permanent duty of  the 
researcher and the engineer.   

In accordance with the opinion expressed by the founder 
of  axiomatic design, the concept of  axiomatic design refers to 
a system design methodology using matrix methods to 
systematically analyze the transformation of  customer needs 
into functional requirements, design parameters, and process 
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variables [Suh, 2001]. Generally, axiomatic design is thus 
considered as a method for product research and design. 

One must take into consideration the fact that a product 
is usually meant for the market. In the case of  experimental 
research, the customer is the researcher and also the designer. 
A possible question is whether this double quality of  the 
researcher could affect the results of  the design activity. 

Nowadays, a real contribution to the increase of  the 
volume of  scientific knowledge is made by the activities 
performed by PhD students, by postgraduate students and 
sometimes by undergraduate students in a certain scientific 
field.  

Knowing this, universities are interested in finding and  
applying methods that develop the students’ abilities for 
generating new scientific or technical knowledge. With this 
aim in view, the university curricula include subject-matters in 
which the students complete or renew their knowledge and 
skills in developing scientific research. 

Thus, M. K. Thompson et al. [2009] appreciated that the 
engineering educational process has to make sure that the 
specialists it trains are able to solve a wide variety of  
engineering problems, but the educational process in the 
engineering field must also be able to educate future 
researchers [Thompson, 2009]. The authors analyzed the 
possibilities to apply axiomatic design to the educational 
process and concluded that one of  the strengths of  axiomatic 
design is that it steers the designer directly toward good 
designs without costly trial-and-error processes. Within the 
research activity there are some difficulties in completely 
avoiding the trial and error method, especially when there is 
not enough knowledge in that specific research field and when 
smaller steps in research are not possible. Such a situation can 
be found during the design and development of  experimental 
research. 

Aspects concerning the participation of  the creative 
components of  thought in the stages of  application of  the 
axiomatic design method were also analyzed by the specialists 
and researchers directly interested in solving practical 
problems in industrial activities. 

For example, Janthong et al. [2010] combined axiomatic 
design and case-based reasoning in order to develop an 
innovative design methodology applicable for mechatronic 
products. They noticed that engineering design departments 
have to design new products using innovative principles. Such 
a situation is sometimes similar to that of  the researcher who 
must develop a new piece of  experimental equipment, while 
aiming to obtain valid experimental results. 

Gonçalves-Coelho and Mourão [2007] took into 
consideration design as a tool for decision-making in the 
design activity for the manufacturing context. They 
considered that good decisions could be made on the basis of  
the best match between the system and design ranges. 

Cavallucci and Lutz [2000] considered that an “Intuitive 
Design Method” could be based on the previous knowledge 
and background of  a company, when one tries to increase the 
engineers’ abilities to develop and to optimize a total design 
process.  

Kulak, Cebi, and Kahraman [2010] noticed that axiomatic 
design was preferentially applied for the design of  systems 
(considered as a process of  defining architecture, components, 

modules, interfaces, and data in order to satisfy the defined 
requirements), for product design, software design and 
manufacturing systems design. 

Urbanic and Maraghy [2009] proposed to couple some 
design procedures and axiomatic design methodologies in 
order to generate a platform for subsequent design 
modification. Of  course, such a solution could be also applied 
in order to design new equipment for experimental research. 

Nakao et al [2000] proposed specialized software which 
could be used as a creative design engine, consisting of  a 
thinking operations engine, an engine for knowledge search, 
decision transfer CAD system and design knowledge database.  

Sohlenius et al. [2002] appreciated that the innovation 
process has a certain logical structure, which needs to be 
followed in a decision process. They considered that in order 
to improve quality and productivity in industrial operations, a 
competence strategy must be combined with the business 
strategy. One of  their conclusions was that there is a rich 
world of  possibilities for the interested designers to model 
products and processes.  

2 SPECIFIC ASPECTS OF USING AXIOMATIC 
DESIGN IN SCIENTIFIC RESEARCH 

As mentioned above, in experimental research, the 
researcher (which may also be a PhD student or a 
postgraduate student) may be forced by the circumstances to 
design and manufacture experimental equipment. With this 
aim in view, the researcher could use: 

- classic/traditional design, using design methods that allow 
him/her to reach his/her objectives fast. It is expected that 
the designed product does not incorporate innovative 
components. 

- creative design, when one of  the researcher’s objectives is 
to obtain equipment that include at least a few innovative 
elements.  

In creative design, the researcher could try to apply the 
axiomatic design method.  

It is clear that, at least initially, being the only user of  the 
equipment that needs to be designed, the researcher knows 
best the requirements that the equipment needs to meet. As a 
rule, the equipment is meant to solve a particular problem (to 
measure or to monitor the variation of  a certain physical 
magnitude, to record a certain moment of  the experiment 
evolution etc.). On the other hand, the researcher knows that 
in time, new ideas may require the development or 
modification of  the equipment initially meant to solve only a 
narrow-scope problem. This means that the equipment to be 
designed must be easily modifiable, in order to ensure the 
flexibility needed in experimental research. Additional 
requirements may concern the manufacturability of  such 
equipment; the researcher must take into consideration the 
feasibility of  manufacturing the various components of  the 
research equipment and of  assembling them into a functional 
structure. 

Of  course, sometimes the researcher may ask 
professional designers and manufacturers to solve the 
problems of  design and manufacturing for such equipment. 
In such a case, the researcher must have a very clear picture of  
the necessary equipment and the main functional 
requirements must be clearly specified to the professional 
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designers and manufacturers, possibly even supplementing the 
request with detailed documentation. 

Anther particular aspect derives from the fact that, as a 
rule, the product (the research equipment) is not designed for 
the market. Even when a real probability that the product will 
enter the market in the future is remote or inexistent, some 
issues concerning market-specific requirements 
(manufacturing cost, providers of  specialized parts etc.) could 
be taken into consideration. These issues, however, are not of  
real interest for the researcher and for the most part they are 
neglected during the design process. 

3 SOLVING THE PROBLEM OF IDENTIFYING 
A SOLUTION THAT INCLUDES 
INNOVATIVE ELEMENTS 

An additional requirement for the researcher is that the 
design should include innovative elements. In order to meet 
such a requirement, methods for the stimulation of  technical 
and scientific creativity may be applied.  

Over the past few decades researchers have endeavoured 
to propose and apply various methods to stimulate creativity 
in various fields of  human activity.  

The concept of  creativity seems to have been used for the 
first time by American psychologist Gordon Allport. In a 
paper published in 1937, he defined creativity as an integrative 
way by which the human being manages not only to 
understand, to reproduce and to solve the numerous problems 
that life poses, but also to show a number of  qualities that 
would result in new and original solutions [Căpâlneanu, 1978].  

Creativity is influenced by biological factors (genetic 
potential, memorisation capacity, age, sex, state of  health etc.), 
psychological factors (imagination potential, aptitudes, 
temperament, volitional qualities, motivation, curiosity etc.), 
cognitive – intellectual factors (specialized intellectual skills, 
specialized intellectual training etc.), gnoseological factors (level 
of  education, lack of  knowledge concerning the necessary 
stages of  the innovation process, concerning the intuitive and 
logical techniques and methods for stimulating creativity, a low 
quantum of  specialty knowledge, lack of  lateral knowledge 
etc.), socio-economical factors (school, family, living standards, 
socio-professional environment, style of  leadership in the 
workplace, communication systems, work conditions, 
opportunities to obtain technical information, the way creative 
activities are organised, assessed, supported, rewarded and 
encouraged, the existence of  innovative groups, social climate 
etc.), hazard/chance etc. [Slătineanu and Duşa, 2002]  

Of  course, there are various techniques and methods able 
to stimulate technical and scientific creativity. Among them: 

- Intuitive techniques; there are techniques that rely on 
changing the position from which the problem to be solved is 
examined, techniques that rely on highlighting the correlations 
between objective and words or images selected logically or at 
random (association technique, catalogue use, attribute 
inventories, using randomly selected words, plays on words 
etc.), and techniques based on changing a known solution in 
terms of  quantity or quality,  

- Intuitive methods; in this group may be included: the 
lateral thinking method, the method of  association chains, 
group discussion, brainstorming, synectics, the Philips 66 
method, the Delphi method, the Frisco method, the Panel 
discussion method, the 6-3-5 method etc.; 

- Logical techniques and methods that may be applied in order to 
identify new or improved solutions (the method of  morphological 
matrixes, the diagram of  ideas etc.). 

University education considers the stimulation of  the 
students’ creativity and abilities in producing new or improved 
scientific and technical knowledge as one of  its main 
objectives. 

At the “Gheorghe Asachi” Technical University of  Iaşi 
(Romania), which trains the future specialists in the field of  
industrial engineering, the students could become acquainted 
with the method of  axiomatic design by means of  
constructive design subject-matters (machine elements, cutting 
tools design, technological devices design, machine-tools 
design etc.).  

Before approaching the actual methods of  designing 
various mechanical structures, the students are trained in using 
and stimulating their creativity during course called 
Fundamentals of  the technical creativity. This course is taught as 
two hours of  lectures and one hour of  applicative activities 
per week, during a 14-week term; the course is intended to the 
undergraduate students and it is to be held during the first 
semester of  the third academic year. 

The curriculum deals with topics such as the importance 
of  the information concerning scientific and technical 
creativity, the stages of  creative activity, the factors that may 
affect technical and scientific creativity, intuitive and logical 
methods for stimulating technical and scientific creativity and 
the capacity to identify new or improved solutions, protection 
of  the intellectual property, and writing patent applications. 

From the very beginning, the students are encouraged to 
find their own topics to be approached for improvement 
during the applicative activities of  the Fundamentals of  the 
technical creativity course. Their efforts are channelled towards 
finding topics in everyday life and activity that are susceptible 
to improvement: activities that are difficult to perform, boring 
/repetitive and/or tiring activities etc. On the other hand, the 
teaching assistants also prepare topics that may be interesting 
to the students. 

At the end of  these applicative activities, the students 
learn how they can write the documentation for registering a 
patent application. Thus, they can really develop and patent 
their own ideas for improving various objects and processes. 
At the time when the fees for the registration and examination 
of  patent applications were affordable, about 75 % of  the 
students used to send their proposals to the Romanian State 
Office for Inventions and Trademarks, and some of  them 
have actually obtaining patents for their ideas. As a result of  
these activities aimed at stimulating student creativity, there 
were times when 10% of  registered Romanian inventions 
originated at the Technical University of  Iaşi. Nowadays, the 
fees for registering and examining patent applications are 
relatively high and this has led to a drastic decrease of  the 
number of  patent applications submitted by students. 
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A critical aspect specific to applicative activities concerns 
the lesser accent placed on the economic aspect of  the 
solutions suggested by the students, on the possibility that 
these solutions be not only new or improved, but efficient as 
well. Initially we thought that too many constraints would 
diminish the students’ creativity and their desire to be involved 
in finding new or improved solutions. Nowadays, the 
economic situation forces us to increase the weight of  such 
aspects (including economic ones). 

As a rule, the resolutions of  the Romanian patent 
authority are sent to the applicants after 6 to 30 months (most 
often after 24 - 30 months). For student D. Răzmireş (in 1994), 
the resolution (a patent for a device for electrical discharge 
machining) arrived after only 6 months. The student was so 
encouraged by this result, that before graduation he developed 
several dozen inventions. This was, of  course, an exceptional 
situation.  

4 CASE STUDY – DEVICE FOR THE 
ELECTRICAL DISCHARGE MACHINING 
OF CURVED HOLES 

4.1 PROBLEM DEFINITION  
Electrical discharge machining is a machining method which 

uses electrical discharges initiated between a tool electrode 
and a workpiece in order to remove material from the 
workpiece (fig. 1). An electronic generator provides the 
electrical pulses necessary for the electrical discharges. There 
are electrical discharge machining methods where so-called 
massive electrode tools are used in order to obtain various 
profiled surfaces, and methods that use wire electrodes in 
order to separate parts from the workpiece. 

Electrical discharge machining of  curved holes may be 
included in the first group mentioned above. Generally, there 
are significant difficulties in obtaining curvilinear holes by 
using so-called classical machining methods (by classical 
cutting or by plastic deformation).  

The current ram electrical discharge machine-tools are 
usually equipped with numerical control systems and a 
curvilinear path of  the tool electrode can be obtained 
relatively easily on such machine-tools if  they have a 
numerically controlled rotation axis. Factories are usually 
equipped with old electrical discharge machine-tools or with 
CNC electrical discharge machines that cannot be used to 
obtain curved holes. For this reason, the issue of  finding a 
device for electrical discharge machining of  curved holes was 
approached by the non-conventional technologies laboratory 
at the “Gheorghe Asachi” Technical University. In order to 
meet research requirements, this device had to be installed on 
a ram electrical discharge machine and adapted in order to 
allow the study of  influences exerted by work conditions 
(pulse duration, average current, diameter of  the tool 
electrode etc.) on the parameters of  technological interest 
(material removal rate, tool electrode wear, roughness of  
machined surface etc.). On the other hand, the electrical 
discharge machining process (fig. 1) involves the periodic 

partial withdrawal of  the tool electrode from the bottom of  
the hole that is being drilled, in order to allow the refreshment 
of  work liquid in the space between the electrodes (work gap). 
Indeed, such to-and-fro movements of  the tool electrode 
generate an effect of  suction and discharge and thus, the 
refreshment of  at least part of  the dielectric liquid found in 
the gap is possible. 

PhD students and postgraduate students were involved in 
solving the abovementioned problem (designing a device for 
electrical discharge machining of  curved holes). They tried to 
use various techniques and methods for creativity stimulation. 

On the other hand, it is known that in management there 
is a principle saying that when an important problem seems to 
have only one solution, there is a high probability that this 
solution is not the best one [Ghinea, 1973]. This means that 
the designer must find and analyse other solutions as well for 
the device being designed. At this stage, the designer may use 
some creative methods in order to identify other solutions 
that would meet the original requirements. 

4.2 APPLICATION OF THE IDEAS DIAGRAM METHOD 
Whenever they have to identify options for mechanical 

equipment, the students (including the PhD students) of  the 
Technical University of  Iaşi usually use the diagram of ideas 
[Slătineanu et al., 2009]. From certain points of  view, the 
diagram of  ideas could be considered as somewhat similar to 
functional requirements (FR) decomposition [Urbanic and 
Maraghy, 2009]. Essentially, this diagram helps them identify 
the possible components of  the equipment and the options 
they offer, the possible combinations of  components, and the 
extent to which the various solutions found adequately meet 
the previously established criteria and constraints. Afterwards, 
all of  the resulting combinations or only some of  them are 
analyzed more in detail, in order to find out whether a certain 
combination/several combinations represent an element of  
progress. 

 
Figure 1. Work conditions in the case of  electrical 

discharge machining of  curved holes. 
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In the case of  the device for drilling curved holes by 
electrical discharge machining, a simplified diagram is 
presented in figure 2. Several subassemblies of  the device 
were identified, together with the various ways of  
materializing each subassembly. For example, in order to 
change the rectilinear motion of  the work head of  the ram 

electrical discharge machine into a rotation motion of  the tool 
electrode holder, the designer is faced with several options: a 
crank-rod mechanism, a slider-crank mechanism, a rack and 
pinion etc. 

4.3 USING THE VALUE ANALYSIS METHOD 
When there are too many constraints, and the selection 

                                       
  a     b    c 
 

Figure 3. Three versions of  the device for electrical discharge machining of  curved holes: a – device with crank – 
connecting rod; b – device with rack and pinion; c – device with slider-crank mechanism.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

Figure 2. Simplified ideas diagram used to obtain more options  
corresponding to a device for curved hole electrical discharge machining. 
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C: Initial positioning 
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D: ? 
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A4: ? 
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C2: By using compensating 
elements 

B4: ?
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of  the main constraints is difficult, some value analysis 
procedures could be taken into consideration. It is known that 
in such a case, by comparing the identified constraints two by 
two, and by giving them adequate weights, coefficients of  
importance may be calculated for all the constraints; a more 
adequate order of  the constraints can be thus established and 
the constraints with low importance coefficient values may be 
left out. 

For example, a simplified model of  a value analysis 
application could take into consideration three versions of  a 
device for electrical discharge machining of  curved holes (fig. 
3). These versions may be identified by applying the diagram 
of  ideas. The three versions are the following: a – device with 
crank-connecting rod; b – device with rack and pinion; and c – 
device with slider-crank. The main stages of  applying the 
method of  value analysis are presented below. 

1) Listing the evaluation criteria. Let us assume that in the 
case of  the device for electrical discharge machining of  
curved holes the following four criteria are used: A – 
constructive simplicity; B – manufacturability of  the device 
parts; C – Low cost; and D – Fast reaction to withdrawal of  
the electrical discharge machine head. Of  course, in the actual 
circumstances of  industrial practice, many such device 
versions and evaluation criteria can be considered. 

2) Weighting and re-ordering the evaluation criteria. By 
successively comparing the criteria two by two, the pairs can 
be assigned decision values as follows: 1-0 (the first version is 
superior), 0-1 (the second version is superior), 0.5-0.5 (the two 
versions are considered equally valuable). The valid decisions 
in the example under consideration were included in table 1. 
The total number of  decisions is given by the relation: 

   
( )

2
)1−

= vv
c

NN
D          (1) 

where Nv is the number of  considered criteria. For our 
example, the number of  decisions is DC =4*3/2=6. 

In table 1, the penultimate column contains the sum Ndj 
of  the decisions, for each of  the evaluation criteria j (the 
evaluation criteria being A, B, C and D). In the last column, 
the coefficients of  importance Kj for each version i of  device 
were written: 

c

dj
j D
N

K =          (2) 

3) Comparing the considered versions and determining the value 
number Nvi  corresponding to each version i. The comparison takes 
into consideration each applied evaluation criterion j; the 
results were included in table 2. The same method of  
evaluation (by using decisions type 1-0, 0-1 or 0.5-0.5) was 
applied in order to compare the versions of  a device for 
electrical discharge machining of  curved holes. The last of  the 
columns assigned to a certain criterion j includes the 
coefficient of  importance Kij corresponding to each version i 
of  the device, established by means of  criterion j. 

The value number Nvi for each considered version i is 
given by: 

∑=
=

N

j
jijvi KKN

1
         (3) 

where Kij are the coefficients of  importance for each of  the 
variants a, b and c, determined successively for each of  the 
criteria j (the criteria A, B, C, and D), and Kj are the 
coefficients of  importance corresponding to each criterion j. 

 
Table 1. Determining the coefficient of  importance 

 for each evaluation criterion. 
 

Crite-
rion j 

Decision number Sum 
Ndj 

Coeffi-
cient of  

im- 
portan-

ce 
Kj 

1 2 3 4 5 6 

A 1 0 0    1.00 0.166
B 0   0.5 0  0.50 0.083
C  1  0.5  0 1.50 0.166
D   1  1 1 3.00 0.333

 

Table 2. Elements for determining the value numbers corresponding to the analyzed versions
 in the case of  the device for electrical discharge machining of  the curved holes. 
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In the case of  each version i corresponding to the device 
for electrical discharge machining of  curved holes, the value 
number Nvi is: 

 
470612.0333.0666.0166.05.0
083.0666.0166.0666.0

=⋅+⋅+
+⋅+⋅=vaN        (4) 

 

055278.0333.0166.0166.00
083.00166.00

=⋅+⋅+
+⋅+⋅=vbN        (5) 

 

221195.0333.0166.0166.05.0
083.0333.0166.0333.0

=⋅+⋅+
+⋅+⋅=vcN        (6) 

Depending on the value numbers Nvi, the most 
convenient solution i is the solution of  the device based on 
the using of  a crank – connecting rod mechanism (solution a), 
whose value number Nvi is the highest (0.470612 > 0.221195 
> 0.055278).  

Once the general picture about the selected device is 
established (which uses a crank – connecting rod mechanism), 
the issue of  the axiomatic design of  the device could be 
considered. 

5 CASE STUDY – ELEMENTS OF APPLYING 
THE AXIOMATIC DESIGN METHOD 

In order to apply the axiomatic design method in the case 
of  a device for the electrical discharge machining of  curved 
holes, the customer needs could be the following:  

1) The device needs to be adaptable on a certain ram 
electrical discharge machine, having a work space 
characterized by known dimensions, by a certain solution for 
clamping the tool electrode on the work head of  the electrical 
discharge machine, by certain ways to clamp the workpieces in 
the work tank etc.;  

2) The device needs to be able to allow the change in the 
magnitude of  certain mechanical work parameters (the work 
speed vE of  the curvilinear tool electrode in comparison with 
the work speed of  the tool electrode in rectilinear motion, 
possibilities to modify the arch radius, etc.). 

The identification and formulation of  the functional 
requirements to be used in the axiomatic design is not always 
a simple problem. The researcher who is interested in 
designing and producing equipment for experimental research 
is tempted, but also obliged to take into consideration a high 
number of  constraints or design requirements. 

For example, in the case of  the abovementioned device 
for obtaining curved holes by means of  electrical discharge 
machining, a complex evaluation could result in a high 
number of  requirements to be met. Such requirements may 
refer to the dimensions of  the space where the device can be 
placed, to a cheaper constructive solution, to a device for 
which the necessary materials are easily available, simple 
maintenance, easy identification of  defects and easy repair etc. 
It is clear that not all of  these requirements will become 
functional requirements applicable when using axiomatic 
design. 

In order to apply the axiomatic design method in 
developing a solution for the device for electrical discharge 
machining of  curved holes on a ram electrical discharge 

machine, using a crank-connecting rod mechanism, the 
functional requirements FRs could be the following: 

FR0: Clamping the curved tool electrode and ensuring a 
reciprocating circular motion (specific to the operating 
conditions of  the electrical discharge machining process) of  
the tool electrode 

FR1: Ensuring the clamping of  the tool electrode on the 
tool electrode holder 

FR2: Changing the rectilinear motion of  the electrical 
discharge machine head into a circular motion 

FR3: Ensuring the position of  the tool electrode near the 
workpiece surface, at the start of  machining 

As second-level functional requirements, one can take 
into consideration 

FR1.1: Positioning the curved tool electrode in the tool 
electrode holder 

FR1.2: Securing the curved tool electrode in the tool 
electrode holder  

FR1.3: Accepting tool electrodes with various cross 
section diameters 

FR2.1: Changing the reciprocating rectilinear motion of  
the electrical discharge machine head into a reciprocating 
circular motion of  the tool electrode 

FR2.2: Ensuring a minimum delay for the change in 
motion direction 

FR2.3: Easy change of  the speed of  the tool electrode 
circular motion, for the same speed of  the rectilinear motion 
of  the electrical discharge machine head 

FR3.1: Continuous movement of  the tool electrode 
towards the workpiece surface 

FR3.2: Stopping the motion at a certain distance between 
the tool electrode and the workpiece surface  

The design parameters DPs for the first-level functional 
requirements could be: 

DP1: Tool electrode holder having arch-shaped grooves 
DP2: Mechanism for transforming rectilinear motion into 

circular motion 
DP3: Extensible subassembly 
Apart from the abovementioned second-level functional 

requirements, the following design parameters DPs could be 
taken into consideration: 

DP1.1: Arch-shaped grooves on the tool electrode holder 
DP1.2: Securing clip and two screws 
DP1.3: Angular grooves on the tool electrode holder 
DP2.1: Crank and connecting rod mechanism 
DP2.2: Minimum play in the crank and connecting rod 

mechanism 
DP2.3: Possibility to change the radius of  the crank 
DP3.1: Free movement of  the tool electrode holder, so 

that the curved tool electrode may move towards the 
workpiece surface 

DP3.2. Blocking subsystem for stopping the curved tool 
electrode at a certain distance from the workpiece surface 

By formulating the functional requirements for the first 
level, one can notice that the independence axiom is respected, 
because each requirement can be met independently of  the 
others. 

The matrix expression resulted in a diagonal matrix: 
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For most of  the decomposition levels, there are 
uncoupled designs. An exception occurs in the case of  the 
matrix attached to the first functional requirement FR1 and 
the first design parameter DP1, when a decoupled design 
could be considered, due to the fact that the angular grooves 
must ensure the possibility to clamp curved tool electrodes 
having various diameters of  the cross sections. 
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When establishing the design parameters DPs, the 

designer could already formulate some ideas concerning the 
structure of  the device. 

Essentially (fig. 4 and fig. 5), a parallelipipedic part is 
clamped in the tool electrode holder of  the electrical 

discharge machine; along the free side of  the parallelipipedic 
part, a connecting clip can be moved and secured in a certain 
position, by means of  two screws.  

When the electrical discharge machine work head moves 
vertically, the motion is transmitted by a connecting rod to a 
crank which can be rotated round of  the axis of  the shaft. 
This shaft is supported by a bearing placed on the machine 
tool table. At the other end of  the shaft, there is a plate acting 
as the curved tool electrode holder. It has an arch-shaped 
groove (with an angular shaped cross section), where the tool 
electrode (having a circular cross section) can be clamped by 
means of  a securing clip and two screws. Thus, the rectilinear 
motion of  the machine tool head is changed into a circular 
motion of  the tool electrode, around the shaft axis. The 
correct positioning of  the tool electrode ensures the 
conditions for the gradual development of  a circular hole in 
the workpiece, as a consequence of  the electrical discharge 
machining process.  

A vice placed on the machine tool table is used for 
positioning and clamping the workpiece. A groove existing in 
the crank can be used to change the position of  the crank pin 
and, thus it is possible to change the shaft rotation speed, 
even though the rectilinear motion speed of  the machine tool 

 
 

Figure 4. Device for curved hole electrical discharge machining. 

 

 
Figure 5. Rotation of  the curved tool electrode holder round of  the shaft axis by means of  the crank.  
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head remains constant. 
In this paper, the axioms were used in order to clarify the 

functional requirements that need to be met by the device for 
electrical discharge machining of  curved holes, and to find 
adequate answers to these requirements. Of  course, the 
axioms can be also used to prioritize the identified versions of  
the device. Such a problem (prioritizing the alternatives) was 
tackled and developed by Shin et al., [2002] in order to design 
a beam adjuster for a laser marker.  

6 CONCLUSIONS 
Sometimes, in order to carry out experimental research, 

the researcher has to design and produce equipment that 
would assist in creating the necessary experimental conditions. 
Research activities are better appreciated if  this equipment 
includes innovative elements. To better solve design problems, 
the researcher can apply the method of  axiomatic design; in 
such a situation, the researcher is both customer and designer. 
Some stages of  the axiomatic design need to make effective 
use the researcher’s creativity. At the Technical University of  
Iaşi – Romania, a course called Fundamentals of  technical creativity 
was introduced in the university curriculum in order to 
stimulate the students’ creativity. During the lectures and 
applicative activities of  this course, students learn about 
various methods of  creativity stimulation and about the 
factors that may affect creativity. Some aspects concerning the 
use of  axiomatic design and methods of  stimulating technical 
creativity were considered in the case of  a device for curved 
hole electrical discharge machining. In the future, we intend to 
improve the device for curved hole electrical discharge 
machining by taking into consideration other constraints, such 
as the possibility to easily clamp tool electrodes with curvature 
radii having any value within a certain dimensional interval; 
such a problem could be tackled and analyzed also by applying 
the axiomatic design method. 
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ABSTRACT 
Recently, design education has been significantly 

emphasized in engineering schools because students can 
develop not only design skills but also creativity, an 
engineering philosophy, the right attitude for teamwork, etc. 
Design education is emphasized in industry as well. In the 
design courses, students or practitioners mostly carry out a 
team project for some design example and brainstorming is 
utilized in the thinking process. Generally, a specific method is 
employed in the detailed design process. However, they do not 
usually utilize design methodologies with a definite form in 
the conceptual design process. Instead, brainstorming and 
discussion between team members are adopted. Axiomatic 
design is an excellent candidate for a design method for 
conceptual design. This paper discusses experiences in 
teaching axiomatic design to undergraduate and graduate 
students and practitioners. In the undergraduate course, 
axiomatic design is taught and a team project is given to use 
axiomatic design. In the graduate course, students learn 
axiomatic design as a method for conceptual design while the 
methods of  detailed design are taught as well. Engineers in 
industry learn how to use axiomatic design when facing 
problems. Syllabuses of  the courses are introduced and 
project topics are presented. 

Keywords: Axiomatic Design, teaching 

1 INTRODUCTION 
In the overall engineering process, the design process 

resides at the early stage because the plan for the product is 
defined. Although few resources and little budget are required 
in the design process, the impact of  the outcome is substantial 
in engineering. In the past, activity to develop new designs was 
not very popular because a slight improvement of  an existing 
design could make profit. As the competition grows in the 
engineering community, the concept of  a new design receives 
significant attention. Even when design improvement is 
sought, this concept is important because considerable 
improvement is usually required. 

During the past decades, analysis using mathematics and 
physics has been mainly taught in engineering schools and 
only intelligent engineers could usually manipulate the analysis 
techniques. These days, analysis techniques are easily used due 
to the development of  excellent software. Even a novice can 
analyze an engineering system with sophisticated theories 

without much knowledge. According to this trend, synthesis 
(design) is quite important to exploit the analysis results. The 
emphasis of  engineering education is being shifted from 
analysis to synthesis. 

Design education should be newly developed for the 
paradigm shift. It is well known that the definition of  a design 
education program is quite difficult. How to teach design is 
not rigorously established yet. When we ask “how do we teach 
design?” the answer is frequently “well.” Two educators rarely 
agree on the topic. The reason is that design education is 
more like a philosophy and there are few pedagogical tools or 
methods. The design process is generally classified into three 
steps such as conceptual design, preliminary design and 
detailed design [Pahl and Beitz, 1984]. Conceptual design and 
preliminary design can be considered the same from the 
viewpoint of  applying design methods [Park, 2007]. 
Education on detailed design is relatively well established since 
it is close to analysis. For example, optimization based on 
mathematics is popular in design education and easy to teach. 
Robust design, reliability-based design, etc. can be the other 
techniques in education. However, it is difficult to find good 
methods for conceptual design which has a lot more impact 
than detailed design. 

Students are experiencing conceptual design through 
capstone design or external projects, and practitioners are 
frequently conducting conceptual design. Since they are used 
to analysis, they are complaining about the absence of  a 
conceptual design method with a definite form. A design 
method for education on conceptual design should have the 
following characteristics: (1) The method should be simple 
enough to be understood in a short time. (2) It should have a 
rigorous theoretical background. In other words, it should be 
logical. (3) It should be able to be applied to both simple and 
complicated problems. (4) It should be globally applicable. (5) 
It should be usable for a new design and design improvement. 

A few methods have been proposed for conceptual 
design and are being taught. One is a group of  function-based 
design methods using the function structure diagram. The 
function-based design method designs a product using the 
function structure diagram. The function-based design 
methods of  Pahl and Beitz [1984] and Hubka [1982], which 
represent European design research, have spawned many 
variant methods by Cross [1994], Ullman [2003], Ulrich and 
Eppinger [1994], and Stone and Wood [2000]. Regardless of  
the variations in the methods, all function-based design 
methods begin with formulating the overall function of  a 
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product. Then, the overall function is decomposed into small 
and easily solved sub-functions. Conceptual design can be 
obtained by defining sub-structures which satisfy the 
corresponding sub-functions and then summarizing the 
defined sub-structures into an overall structure. It is assumed 
that the designer knows the physical components for the sub-
structures. 

The other group uses a matrix representation, design 
structure matrix (DSM), based on relationships among the 
physical components [Steward, 1991]. Generally, DSM is 
constructed based on spatial, energy, material and information 
dependencies among components [Sosa, 2003, 2000] and 
numerical clustering algorithms are used to identify strongly 
related components and define modules in the physical 
domain [Yu, et al., 2007]. It is assumed that the designer 
implicitly knows the functions of  the physical components. 
Although these methods are excellent, it is difficult to teach 
them to beginners since they are complicated. Moreover, they 
can only be applied to the improvement of  an existing design. 

The third group uses TRIZ which is a Russian acronym 
for the theory of  inventive problem solving. TRIZ was 
created and developed in the former USSR by the Russian 
engineer and inventor Altshuller. TRIZ is a science that 
studies evolution of  technical systems to develop methods for 
inventive problem solving [Altshuller, et al., 1998]. The TRIZ 
development group made a software system. However, it is 
difficult to use this technology for the design of  a large scale 
system. 

Axiomatic design (AD) is selected for a conceptual design 
method for design education [Park, 2007; Suh, 2001, 2005]. 
AD defined two design axioms: the Independence Axiom and 
Information Axiom. In AD, the design activity is carried out 
as an interplay between the functional domain and the 
physical domain. Functional requirements (FRs) are defined in 
the functional domain and the corresponding design 
parameters (DPs) are selected in the physical domain. The 
relation between FRs and DPs is expressed by a design matrix 
which should satisfy the Independence Axiom. That is, a DP 
is selected to independently satisfy the corresponding FR. 
When we have multiple sets of  DPs that satisfy the 
Independence Axiom, the final DPs are selected by using the 
Information Axiom. AD can be applied to small-scale 
problems and large scale problems if  we use the hierarchy of  
the system in a zigzagging process. Furthermore, it can be 
used for the creation of  a new design as well as analysis of  an 
existing design. 

As seen in the title, this paper describes the teaching 
experience of  AD. AD is taught to sophomore students in 
mechanical engineering. They have learned a little bit of  
engineering; however, they have not been exposed to the 
design world. At the beginning of  the course, AD is taught as 
a design theory and a team project is given at the end of  the 
course. The design project is given as a preparation for the 
capstone design course later. AD is also taught to graduate 
students from all the majors of  science and engineering. Some 
of  them are familiar with design and some of  them are not. A 
few design methods are taught and AD is one of  them. 
Design education with AD is given to various industrial 
practitioners as a short course. For practice, they try to use 
AD for their present problems. The syllabuses of  the courses 

are demonstrated, and the advantages and difficulties are 
discussed. 

2 AXIOMATIC DESIGN 
Axiomatic design is a design methodology that was 

created and popularized by Suh [2001, 2005]. It gives the 
standard of  a good design in an objective and rational way. 
Design is defined as a continual interplay between ‘what we 
want to achieve’ and ‘how we want to achieve it.’ ‘What we 
want to achieve’ is called functional requirements (FRs) and it 
is determined from customer needs. To satisfy the functional 
requirements, design parameters (DPs) must be selected by 
embodying them in a physical domain. The design process 
involves relating these FRs in the functional domain to the 
DPs in the physical domain. In other words, design is defined 
as the mapping process between FRs and DPs through the 
proper selection of  DPs that satisfy FRs. The mapping 
process may depend on a designer’s individual creative process. 
Therefore, there can be multiple good design solutions. 

The domains and mapping process are illustrated in 
Figure 1. The customer domain is characterized by the needs 
that the customer seeks in a product. Based on these needs, 
the design engineers define the FRs in terms of  uniformity 
and also the constraints. And then, DPs are determined in the 
physical domain to satisfy the corresponding FRs. Finally, to 
produce the product specified in terms of  DPs, process 
variables (PVs) are defined in the process domain. FRs and 
DPs are decomposed into a hierarchy until designers obtain a 
complete detailed design or until the design is completed. A 
DP is determined by the corresponding FR in the same level 
and FRs in the next level are determined by the characteristics 
of  the DP in the upper level as illustrated in Figure 1. This 
process is called the ‘zigzagging process.’ The zigzagging 
process is quite useful for large scale systems. 

In axiomatic design, there are two design axioms. One is 
the Independence Axiom and the other is the Information 
Axiom. The Independence Axiom deals with the relationship 
between FRs and DPs, and the Information Axiom deals with 
the complexity of  the design. The design axioms are defined 
as follows: 

 
Axiom 1: The Independence Axiom 
Maintain the independence of  functional requirements. 
 
Axiom 2: The Information Axiom 
Minimize the information content. 
The two axioms present the most fundamental means 

Customer 
domain 

Functional 
domain 

Physical 
domain 

Process 
domain 

FRs DPs PVsCNs 

Figure 1. Concept of  design, mapping and spaces
[Suh, 2007]. 
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needed to choose the best design. For a design to be 
acceptable, the design must satisfy the first axiom. If  multiple 
designs are found to satisfy the Independence Axiom, the best 
one is selected by the Information Axiom. 

As mentioned earlier, design is defined as the mapping 
process between the FRs in the functional domain and the 
DPs in the physical domain. This relationship may be 
characterized mathematically as follows: 

{ } [ ]{ }DPFR A=    (1) 
The characteristics of  the required design are represented 

by a set of  independent FRs. These may be treated as a vector 
{FR} with m components. Similarly, the DPs in the physical 
domain also constitute a vector {DP} with n components. [A] 
is the design matrix which relates the components of  the FR 
vector to the components of  the DP vector. Design matrix [A] 
is written as: 
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Each elements Aij of  the matrix relates a component of  
the FR vector to a component of  the DP vector. In general, 
the element Aij is expressed as: 

j

i
ij DP

FRA
∂
∂

=
   

(3) 

Table 1 shows three cases of  design according to the 
characteristics of  the design matrix. When the design matrix 
[A] is diagonal, each of  the FRs can be satisfied independently 
by one corresponding DP. Such a design is called an 
uncoupled design. When the design matrix is triangular, the 
independence of  FRs is guaranteed if  and only if  the DPs are 
determined in a proper sequence and such a design is called a 
decoupled design. If  the design matrix is full, it is called a 
coupled design. The uncoupled design and decoupled design 
satisfy the Independence Axiom and the coupled design 
violates the axiom. When several FRs must be satisfied, 
designers must develop designs to create a diagonal or a 
triangular design matrix. 

A simple design is a good one. From this, we may guess 
that a good design makes one DP satisfy multiple FRs. In 
other words, a coupled design looks better. This aspect is very 
confusing in axiomatic design. However, from an axiomatic 
design viewpoint, this is the case where multiple DPs are 
combined into a physical entity. That is, multiple DPs satisfy 
FRs of  the same number. This is called ‘physical integration’ 
and recommended. 

The Information Axiom states that among all of  the 
designs that satisfy the Independence Axiom, the one with the 
minimum information content is the best design. The 
Information Axiom is related to the complexity of  a design 
and implies that the simpler design is the better one. In the 
Information Axiom, the DPs are selected according to 
information content. The information content is defined by 
the probability of  success to satisfy corresponding FRs. For 
example, the information content for the ith functional 
requirement is defined as: 

Table 1. Relationship between FRs and DPs. 
Uncoupled

design 
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where p is the probability of  success for the ith functional 
requirement. The total information content is the summation 
of  the information quantities. Calculation of  the information 
for decoupled design is introduced in a reference [Park, 2007]. 

3 OVERALL DESCRIPTION OF THE COURSES 
3.1 UNDERGRADUATE CLASS 

Design is taught to sophomore students who have been 
somewhat exposed to mechanical engineering at Hanyang 
University, Korea. The title of  the course is ‘Introduction to 
Mechanical Engineering.’ The students are taking some 
mechanics courses but have never taken any design courses. 
The purpose of  this course is to inspire and train students on 
‘Design Thinking.’ The general concept of  design is sought 
and the thinking process is investigated. Axiomatic design is 
introduced as the general design theory. The materials are 
taught to two sections of  the class. Each section has 20-30 
students. Lecture notes are written for this course and the 
contents of  the notes are shown in the Appendix. 

The schedule of  the course is illustrated in Figure 2. 
Since the students do not have a concept of  design, design is 
explained in detail with elementary aspects. In the beginning, 
why we have to learn design is taught with the spectrum as 

Figure 2. Schedule of  the undergraduate course.
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illustrated in Figure 3. Mathematics which the students are 
familiar with resides at one end of  the spectrum. Engineering 
is located in the middle of  mathematics and art, and design is 
between art and engineering. The students learn the elements 
of  design such as customer needs (CNs), functional 
requirements (FRs), design parameters (DPs) and process 
variables (PVs) illustrated in Figure 1.  

Functional thinking in the design process is emphasized. 
Functional thinking means that when we design a product, we 
have to keep FRs in mind without DPs. That is, we have to 
define FRs first and try to find DPs to satisfy the FRs. If  we 
associate DPs first from an existing product, we cannot design 
a product in a solution-neutral environment. The 
Independence Axiom is emphasized in the mapping process 
between FRs and DPs. Functional thinking is adopted for this 
process. Because the students are novices for design, small 
scale design problems are introduced and they are selected 
from the text [Park, 2007; Suh, 2001, 2005]. The examples 
listed in Table 2. How we define FRs and DPs are presented 
and the zigzagging process for large scale problems is 
introduced a little in this class. 

The Information Axiom is utilized to pick the best design 
out of  multiple designs which satisfy the Independence 
Axiom. Since a one FR-one DP problem automatically 
satisfies the Independence Axiom, the Information Axiom 
can be directly used to pick the best one if  we can find 
multiple designs. When we have multiple FRs or a large scale 
system, it is not easy to find multiple designs which satisfy the 
Independence Axiom. Moreover, the calculation of  the 
information content is quite complicated for the decoupled 
design for a large scale system [Park, 2007]. Therefore, only 
the concept of  the Information Axiom is introduced with a 
simple example with calculation of  the information content. 
The concept of  physical integration is explained with 
examples. It is shown that the information content can be 
reduced by physical integration. 

The students are not familiar with writing a proposal and 
report and doing a presentation, but they have to do such 
activities for the team project which will be explained later. 
During the class, the instructor teaches how to write the 
proposal, the progress report and the final report for the 
project. The students submit a report for each progress as 
illustrated in Figure 4. The students learn how to make the 
presentation materials for the project and present the results 
as the final examination. 

These days, aesthetic aspects are important in a consumer 
product design. Product engineers tend to ignore such points.  

Table 2. Examples for the undergraduate class. 
 Example 
Small scale 
problems 

Toaster, Refrigerator door, Water faucet, 
Bottle-can opener, Beverage can 

Large scale 
problems 

Lathe, Refrigerator, Laser marker, 
Automobile steering system 

Industrial design is presented to students to complement this 
weakness. The history of  industrial design is taught with case 
studies and sensibility is emphasized. Since the instructor is an 
engineer, some industrial engineers helped the instructor for 
presentation of  the lecture materials. 

As mentioned earlier, a team project is given to a team of  
3-4 students. A teaching assistant (TA) is assigned to every 2-3 
teams and the TA manages the teams for the progress of  the 
work. The instructor used almost 10 TAs for this class and the 
TAs are educated during the vacation beforehand. As shown 
in Figure 2, a project team meeting is held as a regular class. 
The project topics are changed every year and the list of  the 
topics is shown in Table 3. The topics are given by the 
instructor or the students can freely choose one. Mostly, the 
students take a topic from the instructor. Axiomatic design is 
recommended for the design of  the project but not required. 
When a team makes a real product, the members receive a 
better grade. About $50 is provided to each team and the team 
should design and make a product within the budget. They 
should make an accounting book and submit it with receipts. 
The students are evaluated from multi-facets and the grading 
policy is shown in Table 4. It is noted that the team members 
evaluate each other. 

Table 3. List of  the class project topics. 
Project topics 

New keyboard design, Wine packing box design, Spring 
powered vehicle design, Balloon powered vehicle design, 
Rubber band gun, New chair design, Water rocket design, 
Cannon design, Bag design, Roller coaster, Balloon 
powered vehicle design, Cooking system using green 
energy, Design of  an egg protection system, Design of  a 
functional wastebasket, Wake-up system, Design of  an 
elastic band power vehicle, Multi-purpose enclosure, Boat 
propelled by a candle, Multi-purpose bookshelf, Multi-
purpose table, Portable chair for subway 

Figure 4. Some results of  undergraduate projects.

(a) Rubber band gun  
using chopsticks 

(b) Water rocket with 
a launch pad 

(c) Travel bag 

Figure 3. Spectrum between analysis and synthesis.
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Table 4. Grading policy of  the undergraduate course. 

Theory 
Homework 25% 

50% Attendance 10% 
Midterm exam 15% 

Project 
Peer evaluation 10% 

50% T.A.’s evaluation 20% 
Final presentation 20% 

Total 100%
 

3.2 GRADUATE CLASS 
Axiomatic design is taught to graduate students of  Korea 

Advanced Institute of  Science and Technology (KAIST), 
Korea. It is taught in a core course of  the Renaissance 
program. The Renaissance program is an integrated M.S. and 
Ph.D. degree program at KAIST. Students from any 
engineering majors can participate in the program. They have 
to take the core course of  4 credits (4 hours a week during a 
semester) and a departmental design course of  3 credits with 
other courses. Then they take two other departmental project 
courses (3 credits each). After the course work, it is 
recommended to write a Ph.D. thesis with the topics related to 
design of  their expertise. 

Most of  the students of  the core course are in the entry 
level of  the graduate program. The name of  the course is 
‘Collaborative System Design and Engineering.’ The schedule 
of  the course is illustrated in Figure 5. The class is held twice 
a week for two hours each and axiomatic design is taught 
during the quarter of  the semester. As shown in Figure 5, 
some other design methods are taught as well. They are 
system engineering, collaborative design with creativity and 

the methods for detailed design such as optimization. Some 

Table 5. List of  examples for the graduate course. 
Example 

Small scale 
problems 

Toaster, Refrigerator door, Water faucet, 
Bottle-can opener, Beverage can, 
Refrigerator, Laser marker 

Large scale 
problems 

Software development using AD, Mobile 
harbor, On-Line Electrical Vehicle, TRIZ 
and AD 

 
of  the students have heard of  axiomatic design and some 
have never heard of  it. Because they finished the 
undergraduate course, they have their own personal 
viewpoints on design. The instructor assumes that they do not 
know anything about axiomatic design. Therefore, the 
elementary aspects of  design and axiomatic design are briefly 
introduced at the beginning. 

Functional thinking is emphasized when using the 
Independence Axiom. It seems that the students understand 
the concept of  functional thinking better than the 
undergraduate students. When students learn axiomatic design, 
many design examples are demonstrated. Some of  them are 
small scale problems from the textbook [Park, 2007; Suh, 
2001, 2005] and some of  them are large scale examples from 
the instructor’s research. The examples are listed in Table 5. 
For small scale problems, how to define FRs and DPs is 
mainly explained to use the Independence Axiom. The 
zigzagging process is emphasized for large scale problems. As 
mentioned earlier, the FRs of  a certain level in the entire 
hierarchy should be defined from the DPs of  the upper level 
and DPs should be defined from the FRs of  the same level. 
The reasoning process is explained with large scale examples. 

Education for the Information Axiom and physical 
integration is carried out as well. It is basically similar to the 
undergraduate class. As shown in Figure 5, detailed design 
methods such as optimization and robust design are taught in 
the second half  of  the semester. The relationship between 
axiomatic design and detailed design is explained. Generally, 
we have a design variable vector which consists of  many 
design variables. An FR of  axiomatic design is equivalent to 
the objective function of  a detailed design while a DP of  
axiomatic design is equivalent to the design variable vector of  
the detailed design. The detailed design process is a one FR-
one DP problem from the axiomatic design viewpoint. 
Therefore, the Independence Axiom is automatically satisfied 
and the detailed design process is similar to the process of  
applying the Information Axiom. It is taught that the 
concepts of  robust design and the Information Axiom are 
similar. Enhancing robustness of  a system is the same as 
reducing the information content. 

Term projects are given to teams of  students. A design 
plan should be made by using any methods learned in class. A 
team is made by seven students because 7 people are required 
to use the method for collaborative design shown in Figure 5. 
Manufacturing of  the product is not required. The load for 
the term project is lighter than the undergraduate course 
because many theories are taught. A list of  the term projects 
is shown in Table 6. The topics are selected by the students. 
The students present the final result in the final class. It seems 
that about two thirds of  the teams use axiomatic design for Figure 5. Schedule of  the graduate course.
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their projects. From this phenomenon, we can see that using 
axiomatic design is easy compared to other methods. 

3.3 TEACHING PRACTITIONERS 
Axiomatic design is taught to field engineers in Korea. 

Various companies invited the instructor for teaching 
axiomatic design. Generally, 20-30 engineers participate in the  
class. The engineers have some years of  experience with 
design and are facing current design problems. Most Korean 
engineers took design courses when they were university 
students. However, they did not receive education for the 
modern concept of  design. Therefore, they have some rough 
knowledge of  design, especially on conceptual design. The 
duration of  teaching varies according to the request. The 
period should be at least more than three hours to become 
acquainted with axiomatic design because there is lecture and 
practice time. The duration of  the lecture is 2 hours, 3 hours 
and 8 hours. They can have a one week workshop. The 
longest period that the author taught is 8 hours. The teaching 
materials are varied according to the time and the materials are 
shown in Table 6. 

Basic aspects of  axiomatic design are taught in the two 
hour class. It is like a long regular seminar. The instructor can 
briefly introduce the concept of  axiomatic design and have a 
short discussion. The engineers usually want examples of  
their expertise. If  the instructor has such examples, it is easy 
to explain the technology. However, when the instructor does 
not have such examples, it takes time for them to understand 
the examples that the instructor has. In this case, small scale 
problems used in the undergraduate course are good 
candidates. The education for the Information Axiom is 
basically the same as the one for the undergraduate class. 
However, the instructor spends more time on physical 
integration. It seems that the engineers fully understand and 
agree with the concept of  physical integration from their 
practical experience. 

For the three hour class, the engineers can have a practice 
time to apply axiomatic design to their current problems. The 
time is not sufficient to finish the work or to have a long 
discussion. Some engineers send emails for questions after the 
lecture. Eight hours is appropriate for the class time. Other 
than the basic theories of  axiomatic design, large scale 
problems with the zigzagging process can be demonstrated. 
One hour practice time can be given and the results can be 
discussed. For a one week workshop, a full cycle of  education 
and practice would be possible. 

4 SUMMARY 
Axiomatic design is taught to university students and 

practitioners. The students are not familiar with executing a 
design while the practitioners are facing design problems. On 
the other hand, the students do not have a preconception of  
design but the practitioners have some. These characteristics 
have advantages and disadvantages, respectively. 

The students expect some rigorous theories and 
processes like mathematics or physics due to their background. 
When they find there may not be such methods for 
conceptual design, some of  them are disappointed. Even 
though a student may find mathematics and physics difficult, 
s/he becomes relieved to know that analysis is not everything. 

When we teach analysis to graduate students, the academic 
level should be a lot higher than that when we teach to 
undergraduate students. However, design education could be  

Table 6. List of  term project for graduate course. 
Project topics 

Software design from the axiomatic design viewpoint, 
Mobile harbor, Axiomatic design in metal forming, Fuel 
cell, Rocket design, Venture business, Haptics and robot 
design, Bicycle parking system, New panama container 
ship, Automatic management of  a flowerpot, Design of  a 
dining system, Automatic control of  a closet 

 
similar except for the scale of  examples. In other words, some 
undergraduate students are better than graduate students if  
analysis is not involved. 

When the practitioners learn axiomatic design, it takes 
some time for them to understand. If  they can agree with the 
value system of  axioms, they can understand easily. Especially, 
the value system should be the same as their past experiences. 
Thus, axiomatic design should be explained in their value 
system and language. Because the instructors are generally 
scholars, discrepancies can occur. Many practitioners are 
confused by coupling and physical integration. It should be 
carefully explained that they are different so that physical 
integration satisfies the Information Axiom. Functional 
coupling should be explained well and the word “physical 
coupling” can be utilized instead of  physical integration. Some 
practitioners come to the class to learn a design method which 
they can use right away. When they find that they need 
practice for efficient use of  axiomatic design, some are 
disappointed. Some practitioners already have realized the 
value system of  axiomatic design from the experiences 
although they did not explicitly express it. In this case, they are 
enthusiastic and passionate in learning axiomatic design. 

There could be many controversies in design education. 
In many places, the design process is taught, a design project 
is selected and the students practice the design process. Most 
decision makings are made by intuition, experience or 
brainstorming. For scientific or objective design, axiomatic 
design is a good candidate for design education. Since the 
education is not made by mathematical formulae, appropriate 
explanation based on the background of  the audience is quite 
crucial. 
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