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FORWARD 

 
 

Since the establishment of Axiomatic Design by Professor Nam P. Suh in the late 1970s, 
the number of scholars and engineering practitioners involved in the field has been growing 
all over the world at a pace that can be considered reasonable, due to its revolutionary nature.  
In fact, the spreading of new scientific paradigms is always a slow process, as noticed by 
Thomas Kuhn in his book “The Structure of Scientific Revolutions”. 

Axiomatic Design is not an exception. It began being lectured at post-graduate courses, 
then its use expanded to industrial companies, but we had to wait for the 21st Century to see 
Axiomatic Design being thought, for the first time, to engineering freshmen at the KAIST. 
The number of books and papers presented in conferences and published in scientific 
journals related to Axiomatic Design is growing constantly, which means that the scientific 
and engineering community has already accepted this new paradigm as a valuable theory. 

From the early important role of helping to spread knowledge, the ICAD Conference 
Series is the topmost international forum on Axiomatic Design. 

The series was inaugurated in Cambridge, Massachusetts, and after being held in 
Cambridge, Seoul and Firenze, now it is the time of Lisbon to host the conference, and we 
are delighted for giving our contribution to this endeavour by organising ICAD 2009, the 
fifth edition of the series. 

This volume contains the papers that were orally presented at ICAD 2009, held at 
Campus de Caparica, March 25-27, 2009, and the reader can realise that they cover a significant 
variety of matters, including the design of organizations, urban traffic, industrial design, 
higher education, healthcare systems and air conditioning, just to give some examples. 

The Organising Committee gratefully acknowledges the Conference sponsors for their 
valuable support. Furthermore, we are thankful to the authors and co-authors, the Interna-
tional Program Advisory Committee, the Session Chairs and the administrative staff, whose 
contributions have made possible the realization of ICAD 2009.  

 
 

Campus de Caparica, March 10, 2009 
 

António M. Gonçalves-Coelho 
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ABSTRACT 

Current means of  safety integration, which consist in 
safety barriers implementation for risk reduction, have 
reached their limits. In fact, risk reduction analysis and safety 
barriers are implemented in the end of  the design process, in 
the detailed design phase, and are rapidly increasing in variety, 
size, complexity and sophistication. This paper firstly, 
describes the problematic of  integrating safety indicators as 
soon as possible in the design process. Secondly, a brief  state 
of  the art of  the Axiomatic Design is introduced. Then, the 
conceptual risk reduction model and the risk analysis 
approach in all design stages are detailed. Finally, the 
preliminary results of  the application to the Tractor-
Implements Hitch (TIH) design are developed. 

Keywords: Axiomatic design, systematic design, human-
factors, risk analysis, tractor-implements hitch 

 

1 INTRODUCTION 

Nowadays, the discipline of  product design can no longer be 
separated from the concept of  human safety integration. 
Safety is defined as the absence of  unwanted events. Risk is 
defined as something unwanted can happen. According to a 
common definition [Hollnagel, 2008 a; Fadier, 2008], Safety can 
be brought by eliminating risks, by preventing initiating event, and/or by 
protecting against outcomes.  The risk reduction process is, for 
instance, based on three phases: (1) understanding if  there is a 
problem and what the problem is; (2) understanding the 
mechanisms or the ways in which the adverse outcomes can 
arise; (3) finding the means which can be used to reduce or 
eliminate risk, or to protect against the consequences. If  one 
or more of  these phases fail, the risk may not be noticed until 
something happens, when it is usually too late to do anything 
about it.  
Current means of  safety integration, which consist in 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 contributes 
to the complication of  the product. In the literature, several 
classifications of  safety barriers are distinguished [Sklet, 2006]. 
A commonly used classification is to distinguish between 
physical and non-physical barriers. Physical barriers are 
barriers that physically prevent an event from taking place. 

Non-physical barriers correspond to instructions and 
procedures that may be given to operator. Hollnagel has 
proposed a classification based on barrier's nature describing 
four groups: physical or material, functional, symbolic and 
incorporeal or immaterial barriers [Hollnagel, 2008 a]. Other 
barriers description differentiates inherent versus add-on 
barriers [Sklet, 2006]. An inherent barrier consists in changing 
a design parameter. Add-on barriers are systems or 
components that are added to the detailed solution because of  
safety consideration. Fadier & De la Garza consider that 
adding safety barriers contribute to accentuate the antagonism 
between productivity and safety [Fadier & De la Garza, 2006].  
An often used solution for risk reduction constitute in 
principle's substitution, what usually conducts to automation. 
Human performance is thus replaced by automated devices. 
However, automation has several limitations; it may contribute 
to increase the mental load to the human operator due to the 
difficulty of  control, the maintenance becomes more difficult, 
it necessitates trainings… 
Hollnagel relates risks to the increase of  new system's 
complexity and thus, to the increase of  system's coupling 
[Hollnagel, 2008 b]. This type of  design lets more difficult to 
understand the problem in order to pinpoint the significant 
risk which constitutes the basis of  traditional "risk analysis" 
methods as the tree fault method. In this regard, many 
authors [Fadier & De la Garza, 2006; Hollnagel, 2008 b; Suh, 
2001] have pinpointed the fact that more complex the system 
is more complex the control will be and then the 
implementation of  efficient safety solutions become more 
complex. The surveillance and control role of  the operator is 
therefore increased.  
From product design point of  view, the current support tools 
available to assist designers in safety integration task are very 
limited [Shupp, 2006]. 
- The existing techniques for risk assessment and design 

review generally intervene quite late in the design process, 
often only on the stage of  detailed design, when significant 
decisions about product principles and structures have been 
taken. Existing methods that are used early in the design 
process generally set constraints and are used for verify and 
validate, rather than being design methods making safety 
part of  the design objective. 

- Current safety solutions can lead to various delays and cost 
increases when safety problems are considered too late in 
the product design.  
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- The information relative to experience feedbacks 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 contributes to abstract 
this information to integrate them more naturally in the 
preliminary design phase. 

- … 

In our research, we proposed a design method to integrate 
inherent barriers early in the design process. We consider 
inherent barriers as those implemented during the design 
process and taking part of  the design functionality. The 
objective of  this paper is to develop the proposed systematic 
risk analysis approach. This approach takes part of  a 
conceptual model for risk reduction. Thus, before developing 
the concepts of  the proposed approach, we will firstly 
introduce the proposed risk reduction model. Secondly, the 
fundamentals of  the axiomatic design are introduced. Then, a 
brief  state of  the art of  the use of  the axiomatic design to 
ergonomic design is reviewed. Finally, the preliminary results 
to our case study are presented. 

2 CONCEPTUAL RISK REDUCTION MODEL IN 

THE DESIGN PROCESS 

The proposed conceptual risk reduction model for human-
safety (Figure 1) is developed in the framework of  the 
systematic design approach [Pahl & Beitz, 1988] that divides 
the design process into several main stages: conceptual design, 
embodiment design and detailed design. Our model consists 
on a general suggestion for systematic safety integration in the 
early design throughout the product development process. 
The starting point of  the model is the use of  the experience 
feedbacks to control the design from the safety point of  view. 
Risks are thus, defined from the one hand, by the information 
arisen on ground and from the other hand, by the analysis of  
design choices at each phase. So, the risk analysis needs a 
formal description of  the design process.  
The traditional way to integrate safety into the design consists 
on exploring the consequences of  risks related to the 
experience feedbacks arisen on ground and then to implement 
corrective actions by modifying the detailed solution.  

 

Figure 1. Conceptual risk reduction model 

 
In our approach, we consider that to integrate safety 
efficiently during the design, we have to work on the 
elements that may cause risks "which risk is associated to a 
used resource?" rather than considering the consequences 
"what happened to cause the risk?" and this is throughout 
the product development process. Risks result from the 
interaction of  the human with the design resources as 
functions, energy, space, time, performances… So, these 
interactions are analyzed and potential risks are listed. The 
experience feedbacks are used to investigate the nature of  
risks related to the studied context and then to the 
surroundings (environment, machines…) and those related 
to the technology used in design (through standardizations). 
Indeed, the risk reduction process is divided into three main 
levels; 1) risk identification and problems definition, 2) risk 
reduction by problems solving 3) product validation from 
technical and safety viewpoints (by the confrontation to the 
specification document and defined safety indicators). We 
propose to use the current design methods and tools for a 

formal analysis and reduction process. Then, it keeps to 
know which methods and tools are the most placed to fit our 
objective. 
The proposed approach for systematic risk analysis 
constitutes the first level of  the process; the risk 
identification and problems definition (the part of  the model 
shown in Figure 2). We have based this level on the 
axiomatic design principles. 
 

 
Figure 2. Risk analysis process 
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3 THE AXIOMATIC DESIGN THEORY 

3.1 FUNDAMENTALS OF AXIOMATIC DESIGN 

There are four fundamental concepts in the AD: (1) design 
as a mapping process; (2) design abstraction in the form of  a 
top-down, hierarchical structure; (3) design laws in the form 
of  axioms; (4) design matrix as a notation for representing 
functional dependencies [Lo & Helander, 2007; Suh, 2001]. 
A basic introduction of  these concepts is provided below. 

3.1.1 DESIGN AS A MAPPING PROCESS 

The AD design process is an interaction between four 
domains: the customer, the functional, the physical and the 
process domain (Figure 3).  

 
 

Figure 3. AD design process [Suh, 2001] 

Design is conceived as a mapping process between these 
domains. This mapping describes the transition from one 
domain to another. The input of  a domain represents "what 
we want to achieve?" and the output of  the domain 
represents "how we propose to achieve it?".  

3.1.2 DESIGN TOP-DOWN HIERARCHICAL 

STRUCTURE 

Design usually consists in decomposition with multiple 
abstraction levels. The higher levels are more abstract, the 
lower levels are more detailed. The design process has to 
begin at the system level and to continue through levels of  
more detail until a point that is enough to clearly represent 
the design object. This process is called hierarchical 
decomposition and its outcome is depicted by a tree-model 
in each one of  the four domains.  

3.1.3 DESIGN AXIOMS 

Suh has formulated the principles (or axioms) of  a good 
product design: 

1. The independence axiom (First axiom): Maintain 
the independence of  the Functional Requirements 
(FR); 
In an acceptable design, mapping between the FRs 
and the Design Parameters (DP) is such that each 
FR can be satisfied without affecting the other FRs. 

2. The information axiom (Second axiom): Minimize 
the information content of  the design. 
If  a set of  a design that satisfy the same FRs and 
conform to the independence axiom, the best one 
is the one with the minimum information content. 
The Information Axiom provides a quantitative 
measure of  the merits of  a given design. 

3.1.4 DESIGN MATRIX 

The relation between functional requirements and design 
parameters is represented in a matrix, which allows 
evaluating the structure of  the product. At a given 

abstraction level, the relation between the FRs and the DPs 
can be written as:  

    [FR] = [B] [DP]   (1) 
Where [B] is the design matrix. 
Designs that satisfy the independence axiom have either a 
diagonal or triangular design matrix and they are known as, 
respectively, uncoupled and decoupled designs.  
Designs that have neither a diagonal nor a triangular design 
matrix are known as coupled design [Suh 2001]. 

3.2 AD FOR ERGONOMIC ANALYSIS 

In the literature of  the Axiomatic Design, several authors 
have determined the assets of  the theory to analyze products 
from ergonomic point of  view.  
Basing on the axiomatic design matrix, a Design Equations 
for Systems Analysis (DESA) methodology has been 
developed to study the human-machine systems [Helander & 
Lo, 2007; Helander, 2007]. Thus, the methodology consists 
of  four domains; User Goals, Functional Requirements, 
Design Parameters and User Actions; modeling the human-
machine system functionally and structurally (Figure 4).  
 

 
 

Figure 4. DESA methodology [Lo & Helander, 2007] 

The advantages of  this approach are: 
1. It is an analytical approach to ergonomic evaluation 

for those with little formal education in 
ergonomics; 

2. It is a formal way to predict the usability of  a 
design; 

3. It highlights the relation between poor engineering 
designs versus poor user interface design.  

However, this methodology describes the rules of  usability 
design and then takes into account only the user action to 
meet a specific user goal. Thus, it consists in analyzing 
globally the artefacts from design and usability point of  view. 
Nevertheless, Karwowski describes the rules of  a good 
ergonomic design that consists in the human-artefact 
compatibility [Karwowski, 2005]. The two axioms of  the 
Axiomatic Design are adapted for ergonomics design 
purposes. The axiom 1 stipulates the independence of  the 
functional compatibility requirements and the axiom 2 
stipulates the need to minimize the incompatibility content 
of  the design. Ergonomics design is defined as mapping 
from the system-human compatibility needs to relevant 
compatibility requirements. The system-human compatibility 
is expressed in terms of  human capabilities and limitations at 
the beginning of  the design process. The aspects of  
preventing from hazards are not taken into account. 
Other authors [Heo&al., 2007] used the Axiomatic design 
principles to develop the fault tree to analyse the reliability 
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of  the design parameters used to meet the functional 
requirements (Figure 5).  

 
Figure 5. Conversion of  a FR-DP hierarchical tree into 

a Fault Tree [Heo & al., 2007] 

Each of  the approaches reviewed above has focused in a 
specific aspect of  human-safety (artefact controllability, 
artefact compatibility with human limitation and physical 
parameters failure modes). None of  them have integrated 
the aspect of  risk of  accident and thus none of  them can be 
considered as a complete and systematic approach to analyze 
human safety and to integrate inherent barriers at the early 
design phase.   

4 USE OF AD FOR SYSTEMATIC RISK 

ANALYSIS 

The proposed approach is based, from the one hand on the 
systematic design that divides the design process into three 
main stages: conceptual, embodiment and detailed design; 
and from the other hand on the AD principles. As explained 
before, the AD defines four domains to describe the design 
process: the customer, the functional, the physical and the 
process domains.  
As in the AD, the systematic safety design is conducted by 
the axiom of  independency that insures a good design. In 
addition, this type of  design allows studying more easily the 
human-machine interface in the detailed design phase. Thus, 
in our approach the design is divided into functional and 
physical domains. The relation between the functional and 
physical domain and the systemic design has been described 

by Ge & al. [Ge & al., 2002] and called the extended 
axiomatic design. This approach decomposes each stage of  
the systematic design into two domains, functional and 
physical and the design process is divided into six phases 
(Figure 6).  

 
Figure 6. The EAD phases  

The asset of  the Extended Axiomatic Design (EAD) is to 
cover the lack of  the systematic design process integrated to 
our model. In fact, the systematic design constitutes a 
description of  the multiple tasks (What to achieve?) that 
have to be implemented to develop a product. In any case 
this process describes the way to fulfill these tasks (How to 
achieve it?). This lack shows the need to complete the 
systematic design by an approach that allows the transition 
from the "what" to the "how" in a formalized way in each 
phase of  the development process. We have to notice in 
[Gonçalves-Coelho, 2003], the AD's functional trees are not 
similar to the function structures resulting from Pahl & Beitz's 
"systematic approach". 
To analyse the risks systematically, we have considered that 
to each phase of  the EAD corresponds risk knowledge and 
then the transition from the design phases to the risk 
knowledge constitutes a mapping process. This risk 
knowledge allows the risks definition.  
The mapping process describes the interaction between the 
human characteristics and the design (Figure 7). The Risk 
Analysis Process (RAP) describes the risks induced by this 
interaction. 

Figure 7. An overview of  the mapping process between the design phases and the risk analysis contexts 
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As for the design process, the RAP is divided into three stages 
according to the abstraction levels of  the solution. Thus, we 
noticed the Human-Principles 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 
phase. The HSI corresponds to the interaction between the 
human and the design solution in the embodiment design 
phase. Finally, the HMI corresponds to the interaction 
between the human and the design solution in the detailed 
design stage. To each phase of  the design corresponds one or 
many contexts in the RAP. At the conceptual design stage, all 
the risks that may be induced by the available resources are 
considered. 

 
Figure 8. Risk analysis contexts 

Every stage of  the RAP is divided into Functional and 
Physical Interaction (FI and PI respectively). According to the 
nature of  the interaction phase/context at each domain and 
each stage, the FI provides the solution analysis from 
ergonomics and human factor points of  view; procedural, 
contextual and task analysis. However, the PI contributes to 
analyse the risk of  accident and incident related to the design 
choices, and has as attributes the dangerous zone (nature, 
volume and localisation), the energy used and the 
controllability analysis (Figure 8).  

4.1 MAPPING TO RISK ANALYSIS PROCESS 

The risk analysis is considered as a characterization of  the 
injuries that may touch the user over the use phase. The risk 
can be related to the interaction of  the human with the 
functional or physical domain.  
Due to the different characteristics between the design phases 
and the risk analysis contexts (concepts versus knowledge) the 
transition is not straightforward. The mapping process can be 
one-to-one, many-to-one or one-to-many. We consider that 
inherent barriers can be implemented in the solution 
functional requirements as they can be implemented in 
physical choices. For example, the impact of  injuries is 
variable according to the required performance objectives. 
The same is true depending on the physical choices. 
In the sequel of  the paper, the collected knowledge and then 
the risk contexts at each stage is developed. 

4.2 THE RISK DEFINITION PROCESS 

Each context of  the risk analysis process formalizes an aspect 
of  the risk definition. These contexts are detailed as following:  
Context 1: surrounding's and contextual risk (Figure 9) 
1. Describe risks related to the product's surroundings 

(machines, ground, atmosphere, operators…); Define 
their nature and severity; 

2. Point out the functions that necessitate the operator 
intervention and formulate the safety functional 
requirements; 

3. Characterize the operator typologies (body's 
measurements, physical and mental limitations…); 

4. Analyse the experience feedbacks and set safety 
indicators constraints (not developed in this paper). 

 
Figure 9. Mapping Phase 1/ Context 1 

Context 2: design principles risk (Figure 10) 
1. Analyze the severity of  the available resources; 

2. Determine the volume of  the potential Dangerous 
Zone (D-Z) according to the power and the 
propagation way of  the energy used. 

 
Figure 10. Mapping Phase 2/ Context 2 

Context 3: procedural risk (Figure 11) 
1. From the functional structure of  the product and 

regarding the sub-functions that necessitates 
operator's intervention (determined in context 1), 
identify the possible localizations of  the operator; 

2. Predict the occurrence of  the intervention and the 
required time to accomplish the function. 

 
Figure 11. Mapping Phase 3/ Context 3 
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Context 4: dangerous zones (Figure 12) 
1. Localize the dangerous zone related to the physical 

structure of  the product, 

2. Confront the potential operator localization and 
body's measurements with the dangerous zone 
location and identify the members that may be 
affected; 

3. Classify the dangerous zone from the severity point 
of  view taking into account the severity of  the 
energy, the member affected, the time passed in the 
zone and the frequency of  intervention.  

 
Figure 12. Mapping Phase 4/ Context 4 

Context 5: tasks hardness (Figure 13) 
1. Evaluate the hardness of  tasks according to the 

human physical limitations when required 
performances are met; 

2. Evaluate the hardness of  tasks according to the 
human physical limitations when required 
performances are not met. 

 
Figure 13. Mapping Phase 5/ Context 5 

Context 6: controllability (Figure 14) 
1. Evaluate the product controllability according to 

Axiomatic Design independence axiom; 

2. Analyze the consequences when the controller fails. 

 
Figure 14. Mapping Phase 6/ Context 6 

As can be seen, the context 6 that corresponds to the detailed 
design phase doesn't integrate the traditional risk analysis 
method for barriers implementation. We consider that safety 
in integrated throughout the design process through the 
inherent barriers. 

5 PRACTICAL APPLICATION 

Nowadays, the agricultural sector constitutes a serious 
problem in the domain of  safety and health. The French 
Research Institute for Agricultural Engineering in 
collaboration with the Agricultural Social Insurance has 
defined a research framework to solve this problem. In fact, 
the agricultural hitches that let to link an agricultural 
implement to a tractor constitute the main source of  
accidents. Recent French statistics demonstrate that the only 
hitching/unhitching phase generated 3764 accidents from 
2000 to 2004. Several factors have led to this situation. One 
of  them resides in the fact that the existing system (called the 
three points hitch) is the result of  80 years of  evolution. 
Concretely, this evolution is restricted to local modifications 
and adaptations of  the system to his environment. Our 
purpose is to re-conceive the hitching system (Figure 15) by 
taking human-safety and the experience feedbacks into 
account. In the sequel, the application of  the proposed 
approach (Figure 2) to the tractor-implement hitch, called the 
three-point hitch, is developed. 

 
Figure 15. The design boundary 

5.1 CASE STUDY: THE THREE-POINT HITCH SYSTEM 

The three-point hitch is a system dedicated to link a mounted-
implement to a tractor. This typology of  implements has the 
particularity to be entirely lifted by the tractor. Figure 16 
shows the typical three points hitch system, which is 
composed by three arms: a pair of  lower hitch arms (1 and 2) 
and a third upper hitch arm (3). The lower arms are pivotally 
connected to the tractor through a ball joint connection and 
are retained by link arms (4 and 5) that are pivotally connected 
to each lower hitch arm.  The upper ends of  the link arms (4 
and 5) are connected by ball joints to the link arm mounts (6 
and 7) respectively. The lower arms can be raised and lowered 
by the movement of  the arm-mounts, which are actuated by 
hydraulic pistons. 

 
Figure 16. The typical three points hitching system 

This system is mostly characterized by his adaptability to any 
kind of  implements (plough, seeder, sprayer…), whatever its 
size and the localization of  its hitching points.  
To link the implement to the tractor, operator firstly, sets up 
the lower arms, vertically, by actuating the arm-mounts. The 
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arm-mounts can be actuated from the inside or the outside of  
the tractor. The free ends of  the lower arms are assembled to 
the lower implement hitching points. Then, the third upper 
arm is manually adjusted and fixed. So, the operator is 
involved in most of  the system's adjustments. These 
adjustments require from the operator to get into the 
dangerous zone.  
The functional analysis (FA) provided by the Figure 17, 
illustrates the interdependence between the operator and the 
system's parts. The super-systems elements are shown by 
white boxes and subsystems by grey boxes. The effective 
functions are illustrated by continuous relations. The useful 
unsafe functions are shown by discontinuous relations. 

 
Figure 17. FA overview of  the typical three-point hitch 

5.2 THE EXPERIENCE FEEDBACK 

The hitching operation highlights some difficulties for the 
operator. The following information is provided from the 
ground's feedbacks in normal use situation. This list has no 
exhaustive character: 

1. it requires the presence of  the operator sometimes 
inside and sometimes outside the tractor; 

2. the mounted-implement is unsteady during the 
hitching operation; 

3. the operator is led to interfere in the dangerous zone 
(the zone between the tractor and the implement); 

4. the assembling of  the lower arms to the implement 
is usually difficult because of  the non-horizontality 
of  the ground; 

5. the third arm is usually high placed and hard to 
reach; 

6. most of  the arms are adjustable independently which 
increases the difficulty of  the operation; 

7. … 

5.3 THE FUNCTIONAL REQUIREMENTS 

FO1: Link rigidly a mounted implement 
! FS 1: Positioning the hitch points  
! FS 2: Setting up the implement in the Z direction 
! FS 3: Rotate the implement around the X axis 
! FS 4: Rotate the implement around the Y axis 

To explain the multiple required mobility, we have associated 
the (X, Y, Z) reference to the rear of  the tractor as shown in 
Figure 17. 

 
Figure 18. The R reference 

5.4 THE SURROUNDING ELEMENTS 

The surrounding elements related to the tractor-implements 
hitch context are stated in Table.1 with their own attributes. 

Table 1. Surroundings elements related to the TIH  
Human: characteristics 
Morphological measurements 
Physical and mental limitations 
Experience 
Environment: characteristics 
Climate 
Obstacle 
Grounds topology and typology 
Implements: characteristics 
Dimensions 
Weight 
Required Powers 
Tractor: characteristics 
Type 
Power 
Dimensions 

5.5 THE RISK DEFINITION 

The mapping from the design to the risk definition by the 
application to the TIH is developed in Table 2. This process 
allows formulating and localizing safety problems through the 
product development process. Risk is defined from its root to 
its consequences by the related function, energy, operator, 
performance, surroundings and components. 
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Table 2. TIH risk definition 
Phase Design Description Context Risk 

analysis 
Description 

FO 1 Link rigidly FRIc 1 Safety requirement: Minimize human involvement 

FO 2 Experience Feedbacks FRIc 2 Safety indicators: to be determined 

FO 3.1 Tractor FRIc 4.1 Risk: Limited visibility 
FO 3.2 Implement FRIc 4.2 Risk: Instability 
FO 3.3 Ground's nature  FRIc 4.3 Risk: Sliding 
FO 3.4 Atmosphere FRIc 4.4 Risk: Dust, Frost, Heat, Rain… 

FRIc 5 Limitations: Human body's measurement 
FRIc 6.1 Limitations: Mental limitation 

Phase1: 
Functional 
Objects 

FO 4 Operators  

Context 1: 
surroundings 
and 
contextual 

FRIc 6.2 Limitations: Physical limitation 

PhO1.1/ PhO2.1 Hydraulic energy/ 200bars PRIc 1.1 Risk severity of  hydraulic energy: serious 

PhO1.2/ PhO2.2 Mechanical energy 
540/1000rpm 

PRIc 1.2 Risk severity of  mechanical energy: serious 

Phase2: 
Physical 
Objects 

PhO1.3/ PhO2.3 Electrical energy 12/24V 

Context 2: 
design 
principles 

PRIc 1.3 Risk severity of  electrical energy: safe 

FS 1.1 Positioning the hitching points FRIe 1.1 Localization for FS 1.1: outside the tractor  

FS 1.2 Setting up in the Z direction  FRIe 1.2 Localization for FS 1.2: inside the tractor  

FS 1.3 Rotate around the X axis FRIe 1.3 Localization for FS 1.3: outside the tractor 

Phase3: 
Functional 
structure 

FS 1.4 Rotate around the Y axis 

Context 3: 
procedural 

FRIe 1.4 Localization for FS 1.4: outside the tractor 

PhS1.1/ FRIe1/FRIc5 Link arms mounts positioning 

PhS1.2/ FRIe1/FRIc5 Control the link arms length 

PRIe 1 
 

D-Z localization: zone limited by the lower arms, 
the back of  the tractor and the implement 

PhS1.3/ FRIe1/FRIc5 Control the third arm length 

Phase4: 
Physical 
structure  

PhS 1.4 Human operator 

Context 4: 
Dangerous 
Zone 

PRIe 2 D-Z classification: Implement run over the 
operator, sliding … ! serious risk 

PeO 1 Z displacement +1000m FRId 1 In operational mode: Difficulty to reach the third 
arm ! ergonomic problem 

PeO 2 Y regulation ±100 mm 

Phase5: 
Performan
ce 
objectives PeO 3  X regulation ±100 mm 

Context 5: 
task hardness 

FRId 2 In failure mode: operator is lead to lift the 
implement (~10T) ! ergonomic problem 

Phase6: 
Design 
Parameters 

DP 1 Three hitching arms Context 6: 
controllability 

PRId 1 In operational mode: the design matrix is coupled 
! difficult to control 

 

6 CONCLUSION AND PERSPECTIVES 

This paper presented a systematic risk analysis approach based 
on the axiomatic design principles. The asset of  the axiomatic 
design resides in its formal description of  the design process. 
Then as for the design process the risk analysis process is 
divided into two domains; functional and physical domains. 
According to the partition of  the product development 
process into three abstraction levels, the proposed approach is 
composed by six contexts. Each context gives a new point of  
view of  the potential risks incurred by the users. The AD 
gives a formal tool for the engineer to study systematically in 
the early design process the risk reduction aspects. The 
applicability of  the approach to a practical case study has been 
demonstrated. Our approach allows defining the typology of  
the risks and the way to measure them. In future studies, the 
objective is to complete the proposed conceptual risk 
reduction model by determining from the one hand, the tools 
that allow resolving safety problems generated by the 
proposed risk analysis approach and from the other hand, the 
safety indicators based on the experience feedbacks to 
evaluate safety at each design phase. 
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ABSTRACT 

Economic growth and sustainable value creation are a 
company’s most important long-term targets. However, 
practical experience shows that large structures notoriously 
suffer from efficiency losses due to increasing organizational 
complexity and bureaucracy. To realize a profitable growth, 
companies have to be good in handling their internal 
diseconomies caused by the increased complexity of large 
organizations [Matt, 2007/b]. This hypothesis is confirmed by 
a study of the St. Gallen Centre of Organizational Excellence 
(CORE) in which 300 large European enterprises were 
analyzed within a period of 10 years [Gomez et al., 2007]. The 
results of the research show: the central challenge for 
profitable growth consists in a company’s ability to 
continuously improve its organization in efficiency and 
flexibility. Thus, one of the major challenges is to select an 
organizational system configuration that promotes a 
sustainable business growth and is easy to operate and 
manage. In this paper a concept for reducing the complexity 
of an organizational system is discussed in order to maintain a 
company’s high system efficiency as a success factor for 
sustainable growth. Starting from the Axiomatic Design based 
complexity theory a procedure is presented that helps system 
designers and operations managers not only to design 
organizational systems with low or zero time-independent 
complexity, but also to re-initialize the once designed 
organizational system before time-dependent combinatorial 
complexity drives it to fail, i.e. to lose its competitiveness due 
to heavy losses in efficiency. A central aspect is the 
identification of a functional periodicity. With the help of a 
practical example the concept of the organizational periodicity 
is explained, a generally applicable cycle with four phases that 
is adapted to the individual company’s situation by 
compressing or stretching the sinus curve over the timeline. 

Keywords: complexity, organizational systems, periodicity. 

 

1 INTRODUCTION 

Numerous authors have emphasized the importance of 
an organization’s structure and its relationship with an 
organization’s size, strategy and environment [Miller, 1986; 
Mintzberg, 1989]. An organization can achieve a maximum 
performance if  its structure matches the rate of change in its 

environments [Burns and Stalker, 1994]. In this context, 
organisational design plays an increasingly important role 
[Handy, 1993; Pascale et. al., 2000]. Thus, organizational 
structure and the underlying design principles can be 
considered a key factor for a company’s successful and 
sustainable development within a turbulent environment. 

The more diverse the activities, occupations, functions 
and hierarchical levels of an organization, the more complex it 
is [Banner 1995]. Tosi et al. [1994] explain: “There are more 
coordination and control problems in more complex 
organizations because there are more task activities to 
perform, and there are alternative ways to design relationships. 
Complexity typically is greater in larger organizations.” 

This problem cannot be solved with the traditional 
models based on mechanistic systems [Handy, 1990]. Thus, 
new paradigms are needed to replace the rigidity of traditional 
organizational structures [Mabey et al., 2001]. The analysis of 
the existing complexity theory based approaches shows first 
attempts to overcome increasing organizational complexity in 
growing structures that are embedded in turbulent 
environments [Hunter 2002; Galbraith et al. 2002; Shelton 
2002]. All of  them basically use self  organizing principles to 
tackle the emerging organizational problems related to a time-
dependent complexity increase. This way, they try to solve the 
complexity problems in the “physical domain” [Suh, 2005] by 
a self-organizing interaction between different agents in a 
network. However, “complexity problems can be difficultly 
solved in the physical domain, because every change of the 
elements and their relationships aiming at the reduction of the 
system’s complexity might influence the overall system’s 
behaviour in an uncontrollable way due to the system 
designer’s lack of understanding of the system’s architecture” 
[Matt 2007/a, p. 866]. 

But what exactly is complexity? Is there a common 
understanding or definition? A general definition of 
complexity is that a complex system is one, which has a large 
number of elements, whose relationships are not simple 
[Simon, 1967]. These variables, namely number, dissimilitude 
and states’ variety of the system elements and relationships, 
enable one to make the distinction between static and 
dynamic complexity. Whereas static complexity describes the 
system structure at a defined point in time, dynamic 
complexity represents the change of system configuration in 
the course of time [Blecker et al., 2004]. When both 
complexities are low, then the system is simple; when both 
complexities are high, then the system is said to be extremely 
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complex [Ulrich and Probst, 1988]. Starting from these
definitions, every approach aiming at the reduction of a 
system’s complexity consequently focuses on the redesign of 
the system elements and their relationships. 

According to these definitions, complexity in an 
organizational system is determined by the uncertainty in 
achieving the system’s functional requirements and is caused 
by two factors [Suh, 2005]: by a time-independent poor design 
that causes a system-inherent low efficiency, and by a time-
dependent reduction of system performance due to system 
deterioration or to market or technology changes. Thus, there 
are two general ways to attack the problems associated with 
complex systems. The first is to simplify them, the second to 
control them. Leanness is about the former in that it 
advocates waste removal and simplification [Womack and 
Jones, 2003]. It aims at the complexity reduction of a system 
at a certain point in time. Thus, system simplification is about
eliminating or reducing the time-independent complexity of a 
system. Changeability is the ability to transform and adapt an 
organizational system to new circumstances caused by market 
or environmental turbulences. Thus, complexity control is 
associated with the elimination or reduction of a system’s 
time-dependent complexity.  

2 PROPOSED MODEL 

For the systematic complexity reduction in organizational 
systems, a model is proposed basing on the principles of 
Axiomatic Design (AD).  

The AD world consists of four domains: customer, 
functional, physical and process. Through an iterative process 
called zigzagging, the design process converts customer’s 
needs (CNs) into Functional Requirements (FRs) and 
constraints (Cs), which in turn are embodied into Design 
Parameters (DPs). DPs determine the Process Variables 
(PVs). The decomposition process starts with the 
decomposition of the overall functional requirement – 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 [Suh, 
2001].  

The FRs and DPs are represented by vectors, their 
relationship by an n-dimensional matrix [DM]: 

 
{FR} = [DM] {DP} 

 
As previously outlined, the reduction of the time-

independent system complexity is about simplifying a (static) 
system’s design. For this, AD provides two Axioms [Suh, 
2001]: 

Axiom 1: Maintain the independence of the functional 
requirements. 

Axiom 2: Minimize the information content of the 
design. 

In the special case of  a one-to-one direct relationship 
between FRs and DPs, this matrix is reduced to a purely 
diagonal matrix which guarantees that every single DP just 
fulfils one FR. In an ideal system design, these elements are 
autonomous, they have no interrelations. Such a design is 
called an uncoupled design. The off-diagonal elements can be 
represented by arrows. They show that the fulfilment of the 

diagonal element at the start of the arrow influences the
elements at the end of the arrow. The worst case is a circular 
independence. This is the case in a coupled design and it 
means a bad system design [Lee and Jeziorek, 2006]. In the 
case of a triangular matrix circular independence does not 
exist and therefore the design might be potentially good, 
although not an ideal design. This case is called a decoupled 
design. It is obvious that it is very difficult or sometimes quite 
impossible to really obtain an ideal design.

 

 

Figure 1. Illustration of  the Independence Axiom  
[Matt, 2007/a; see also: Lee and Jeziorek, 2006]. 

Time dependent system complexity has its origins in the 
unpredictability of future events that might change the current 
system and its respective system range. Thus, it might be 
defined as system dynamics. According to [Suh, 2005], there 
are two types of time-dependent complexities: 
The first type of time-dependent complexity is called periodic 
complexity. It only exists in a finite time period, resulting 
from a limited number of probable combinations. These 
probable combinations may be partially predicted on the basis 
of existing experiences with the system or with a very 
systematic research of  possible failure sources. For example, 
practically all Italian companies in August typically close down 
for at least two weeks of summer holidays. Foreign customers 
who do not want to run the risk of going out of stock during 
this period have to place their orders in advance. This creates 
a periodic organizational complexity in some Italian 
companies due to a periodic increase of demand that has to be 
managed in terms of capacity. However, the periodicity of this 
events allows to prepare the own organization to timely 
respond to these complexity drivers. 

The second type of time-dependent complexity is called 
combinatorial complexity. It increases as a function of time 
proportionally to the time-dependent increasing number of 
possible combinations of the system’s functional requirements 
and may lead to a chaotic state or even to a system failure. 
The critical issue with combinatorial complexity is that it is 
completely unpredictable. For example, some years ago 
Austrian companies were affected by a catastrophic flash 
flood and had to close their business for months. However, 
the development of worst-case scenarios and periodically 
actualized emergency plans could help to take preventive 
measures. This way, the unpredictable combinatorial 
complexity is transformed in to a periodic complexity.  

To guarantee sustainable system efficiency, the focus of 
complexity reduction must be given to the combinatorial 
complexity. Thus, the time-dependent combinatorial 
complexity must be changed into a time-dependent periodic 
complexity by introducing a functional periodicity. If  the 
functional periodicity can be designed in at the design stage, 
the system will last much longer than other systems. There are 
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many different types of functional periodicity. The most 
suitable for the re-initialization of an entire organizational 
system is organizational periodicity. Any organizational system 
is influenced by its socioeconomic environment (market and 
customer behavior, politics, society, etc.). When an 
organization is not periodically renewed by resetting and 
reinitializing its functional requirements, it becomes an 
isolated system that wastes resources [Suh, 2005]. 
The single steps involved in transforming a system with 
combinatorial complexity into a system with periodic 
complexity are demonstrated in the following [Suh, 2005; 
Matt, 2007/a]: 
 
(1) Determine a set of  functions (FRs) that repeats on a periodic (or 
cyclic) basis.  
To create the basic prerequisite for business growth in terms 
of a maximization of  the free cash flow, a company (or an 
enterprise network) has to generate profitable revenues and to 
reduce the costs of  production and service at the same time. 
Respectively, the functional requirements for an 
organizational system can be defined as follows [Matt, 
2007/b]: 

FR-1 Sell products and/or services successfully 
FR-2 Render services competitively 
FR-3 Produce efficiently 

The design parameters (DPs) mapped by functional 
requirements are: 

DP-1  Efficient sales processes and organization 
DP-2 Efficient processes and organization for 

service performing 
DP-3 Efficient production processes and 

organization 
This set of FRs and DPs represents the basic template for the 
assembly of a good organizational system design. Every 
company’s organizational system can be modelled this way. 
However, to obtain a good (time-independent) system design, 
the Independence Axiom has to be fulfilled, i.e. the system 
design equation must be represented by a diagonal or 
triangular, n-dimensional matrix. A practical example should 
help to illustrate this. ABC & CO Inc. (name has been 
changed) is a small Italian producer of bathroom accessories 
with about 50 employees. The company has three functional 
areas: (1) sales and product development, (2) administration 
and (3) production. Every functional area is managed by one 
of the three owners of the company. The three areas have 
some interdependencies and are not completely autonomous. 
Thus, the matrix is not diagonal and the design cannot be 
uncoupled. However, it is still triangular and therefore a 
potentially good design. In fact, the company is successful on 
markets, and grows profitably over about 5 years. Then, 
however, the company’s development is stagnating due to 
internal organizational problems; a typical expression of 
organizational combinatorial complexity. 
 
(2) Identify the DP of  the system that may make the system range 
undergo a combinatorial process.  
In this step, those DPs have to be identified that eventually 
lead to the system’s failure because the system range moves 
outside the design range. DP-1, DP-2 and DP-3 are all 
potentially subject to time-dependent changes. For example, 

FR-1 could split off  the product development and assign it to 
another responsibility. As product development can be seen as 
a technical service, it could be managed autonomously as 
“service provider”. This way, the 3-dimensional matrix 
becomes a 4-dimensional one. As long as it is at least 
triangular, the probability of a good organizational 
development is high. Another possibility would be to 
decompose FR-1 to the next level of  FR-11, FR-12 and so on. 
Also on the next level, the independence of the FRs has to be 
maintained in order to provide the organization with a good 
design. 
 
(3) Transform the combinatorial complexity to a periodic complexity by 
introducing functional periods.  

As the highest level template satisfies the Independence 
Axiom, a functional period may now be defined that 
reinitializes the set of identified FRs. According to the 
Systems Engineering life cycle model (Fig. 2), the trigger point 
for the system’s re-design or disposal is t2. It starts the re-
initialization process. But how can this point be determined? 
Which are trigger mechanisms of organizational periodicity? 
As a socioeconomic system, a company is embedded in 
general economic cycles of upturn and downturn phases. 
Obviously, every economic sector or even every single 
company has a different cyclic behavior, but only regarding 
the timeline. A generally applicable model is the organizational 
cycle shown in the left part of Fig. 3. It passes always the 
following four stages: rationalization, innovation, market-
offensive and consolidation. 
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Figure 2. Management of  time-dependent complexity in 
the Systems Engineering life cycle model [Matt, 2007/a]. 

 
The company individual adaptation is given by the mapping of 
this generally applicable cycle along the timeline as a sinus 
curve. The example in Fig. 3 shows a world economy based 
[ifo, 2008] sinus curve with a standard interval of  7 to 9 years 
[Matt 2007/a]. According to the four stages, four trigger 
points t2-x may be differentiated. For the present purpose, 
t2_Cons is the relevant trigger point: it is the periodically 
returning trigger for organizational change within a company. 
According to our experiences made with about twenty 
industrial applications of this model, the sinus interval can 
vary between 7 to 9 years. 
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(4) Set the beginning of the cycle of the set of FRs as t = t0*.
This step is to determine which FR will be used to establish 
the beginning of the cycle, that is, t = t0* (see Fig. 2). 
 
(5) Stop the process momentarily.  
The need for re-initialization arises from the fact that at t = t0* 
the state of each FR might not be the same due to a random 
variation of the system. With the reset, the new values for the 
FRs can be determined (e.g. a new product mix to be
produced, other customer requirements regarding shipping 
schedules or packaging, etc.). 
 

 

Figure 3. Sinus-Curve-Model for organizational 
periodicity [ifo, 2008; see also: Matt, 2007/a]. 

 
(6) Re-initialize the system.  
 
(7) Determine the best means of  satisfying the FRs for the new period.  
If  the new values for the FRs changed and require an 
adaptation of  the relative DPs, this step is necessary to satisfy 
the FRs for the next period. For example, a workplace has to 
be changed to fit a new product’s requirements. 
(8) Allow the initiation of  the next cycle.  
 

3 CONCLUSION 

In this paper a concept for reducing the complexity of an 
organizational system was discussed in order to maintain a 
company’s high system efficiency as a success factor for 
sustainable growth. Starting from the Axiomatic Design based 
complexity theory a procedure was presented that helps 
system designers and operations managers not only to design 
organizational systems with low or zero time-independent 
complexity, but also to re-initialize the once designed 
organizational system before time-dependent combinatorial 
complexity drives it to fail, i.e. to lose its competitiveness due 
to heavy losses in efficiency. A central aspect is the 
identification of a functional periodicity. With the help of a 
practical example the concept of the organizational periodicity 

was explained, a generally applicable cycle with four phases
that is adapted to the individual company’s situation by 
compressing or stretching the sinus curve over the timeline. 
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ABSTRACT 

The Contact and Channel Model (C&CM) is a design 
approach developed since 1999 at the Institute of  Product 
Development of  the University of  Karlsruhe, in Germany. It 
considers that any design can be described in terms of  
Working Surface Pairs (WSPs) and Channel and Support 
Structures (CSSs). The WSPs are all the pair-wise interfaces 
between components, or between a component and its 
environment, that contribute to the transformation of  energy, 
material and information occurring in a technical system. The 
CSSs are the components or fields connecting only two WSPs, 
and are responsible for the transference or storage of  energy, 
material and information from one WSP to another. The 
C&CM approach assumes that the functions are carried out 
by the WSPs, but also that the fulfillment of  a functional 
requirement for a given system depends on the properties and 
interactions of  at least two WSPs and one CSS connecting 
them. Moreover, C&CM incorporates concrete heuristic 
solutions and specific drawings and graphical symbols to help 
designers come up with a better understanding of  the 
relationships between the description of  the functions and the 
physical embodiment of  the system, at any level of  detail.  

In this paper we analyze how C&CM and Axiomatic 
Design can be integrated, by comparing both approaches and 
identifying their similarities, differences and synergies. Other 
authors’ research revealed advantages derived from integrating 
Axiomatic Design with other methods, like TRIZ, DFMEA, 
or Robust Design, among others. Here we conclude that 
synergies between C&CM and Axiomatic Design can also be 
explored to benefit the design process. Namely, such an 
integration can facilitate the design synthesis, when mapping 
from the functional domain to the physical domain, and 

increase our comprehension about how each possible design 
parameter may impact over each functional requirement. 
Furthermore, the C&CM heuristics may be useful in decoupling 
a coupled design. Two examples of  application are presented, 
in order to illustrate these points and the benefits associated 
with the combined use of  C&CM together with Axiomatic 
Design. Finally, we show how the C&CM approach can fit 
within the context of a Design for Six Sigma (DFSS) roadmap. 

Keywords: Axiomatic Design, Contact and Channel Model, 
design synthesis, design analysis, Design for Six Sigma. 

1 INTRODUCTION 

Design is a key phase within the life cycle of  any type of  
technical system, be it is a product, service, business model or 
a process. The decisions made during this phase deeply affect 
quality, cost and life cycle properties (safety, serviceability, 
manufacturability, maintainability etc.). In spite of  its 
importance, the design process has often been treated more as 
an art than a scientific and systematic approach. 

To overcome such a situation, and since design is 
recognisably a complex process, design models have been 
developed over the last decades, especially related to 
engineering and product design, although more recently some 
of them have also been adapted to other system morphologies, 
such as software, services or transactional processes. 

One of  those models is Axiomatic Design, a general 
theory that aims to guide the designers in their decisions by 
establishing the principles that should govern the design 
process. A strength of  Axiomatic Design is its flexibility, 
allowing it to be used in conjunction with other design models. 

The Contact and Channel Model (C&CM) is a much more 
recent design approach. Its main contribution consists of  
breaking fixations of  designers on already existing solutions, 
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by creating an abstract mental model that enables a better
knowledge to be acquired about the interrelation between the 
functions that must be performed by the technical system and 
its physical elements. 

This paper identifies the main similarities and differences 
between Axiomatic Design theory and C&CM, and explores 
the potential benefits of  integrating them. The long-term goal 
of this work is to bring together these two approaches in order 
not just to help the designers during the conceptual stage of
the design process, but also to contribute to possible synergies 
that can lead to a fruitful improvement of  the engineering 
design science in the future. Moreover, we want to integrate 
this framework into a Design for Six Sigma methodology. 

We start by reviewing the basics of  Axiomatic Design and 
C&CM. In section 3, we identify the main common concepts, 
differences and potential synergies between both models. In 

Section 4 we present two examples of application that illustrate
the synergies between C&CM and Axiomatic Design. Finally, 
in section 5, we show how and where C&CM can be applied 
in the context of  a Design for Six Sigma (DFSS) project. 

2 LITERATURE REVIEW 

2.1 AXIOMATIC DESIGN THEORY 

Axiomatic Design builds on the following four key 
elements: domains, hierarchies, zigzagging and axioms. 

DOMAINS 

According to Suh [1990], the world of  design consists of  
the four domains represented in figure 1. Each domain on the 
right side answers how one can achieve the objectives or goals 
defined on its left adjacent domain, through appropriate design 
mappings.. 

Although these names are mainly based on the case of  
product design, other authors have demonstrated their 
applicability in the design of  other types of  technical systems, 
like software [Do and Suh, 2000], lean management [Cochran 
et al, 1999], supply chain management [Schnetzler and 
Schönsleben, 2006], strategic planning [Engelhardt and 
Nordlund, 2000], home building industry [Psilander, 2002] or 
even ergonomics [Suh, 2007]. In such cases the name and/or 
the number of the domains may differ from the standard ones. 

HIERARCHIES 

Design activities must be often simplified by breaking 
them down into lower levels of  abstraction. In doing so, each 
domain considered will be decomposed into sublevels of  
increasing detail (less abstraction). As depicted in figure 1, the 
hierarchy in each domain is similar to a tree diagram. 

Apart from the customer domain wherein the 
decomposition process is usually not considered, the 
remaining domains may have several levels of  abstraction that 
jointly describe the technical system architecture. 

The lowest levels in each branch of  the hierarchy are 
commonly called “leaf  levels”. The sub-FRs not requiring 
further decomposition are the leaf-FRs. Similar reasoning is 
applied to the design parameters (DPs) in the physical domain 
and to the process variables (PVs) in the process domain. 

Please note the index structure used to identify the FRs, 
DPs and PVs in the design hierarchy represented in figure 1. 

A way to look at the domains/hierarchy relationship is by 
considering two dimensions: breadth and depth [Gonçalves-

Coelho et al, 2005]. Breadth is the scope of the design process,
conveyed namely by the number of  domains considered. 
Depth, on the other hand, represents the level of  detail 
attained during the decomposition process. 

 

 

Figure 1. Axiomatic Design domains and hierarchies. 

ZIGZAGGING 

The decomposition process in Axiomatic Design is 
achieved according to a zigzag procedure. The zigzagging 
decomposition tells us that the hierarchy in the domains is 
defined by zigzagging back and forth between at least two 
adjacent design domains, depending on the breadth of  the 
design process. This means that, before breaking down a given 
FR into their correspondent sub-FRs, a decision about the 
design parameter (DP) that will achieve that FR must first be 
made. That is to say that the decisions made at the higher 
levels in the hierarchy, for a certain design breadth, have 
consequences at the lower levels  (Lindholm et al [1999]). 

A decomposition example using the zigzagging approach 
for the design of  an automatic washing machine, is depicted in 
figure 2. Given the FR “Wash clothes”, before proceeding with 
the decomposition in the functional domain, one has to define 

a DP that will satisfy this FR. The sub-FRs depend on which 
DP is selected. In this example, an automatic washing machine 
was chosen, but the option could be for instance to use a 
washtub. After zigging from the functional into the physical 
domain, one needs to zag on the opposite direction but now 
to a lower level in the hierarchy to define de sub-FRs, by 
asking “what FRs does the automatic washing machine need 
to perform?”. 

Note that each FR is described in a solution neutral 
manner, using the “verb + noun” rule from Value Engineering. 
Moreover, the FRs should have an operational definition, in 
order to assure they are both verifiable and attainable. 

 

 

Figure 2. Design of  an automatic washing machine 
(adapted from Yamashina et al, 2002]).

AXIOMS 

Axiomatic Design comprises two axioms established by 
Nam P. Suh to govern the design process: the Independence 
Axiom and the Information Axiom. From these axioms, a set 
of  theorems, corollaries and guidelines were developed. 

a) Axiom 1 – Independence Axiom: Maintain the independence 
of  the functional requirements. 
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When we perform the mapping from the functional into
the physical domain, the choice of  the DPs should be done in 
such a way that each FR can be satisfied without affecting 
other FRs. If  the mapping occurs from the physical into the 
process domain, one should choose the process variables 
(PVs) that ensure the independency of  the DPs. 

The mapping between two adjacent domains can be 
represented by a design equation. When mapping from the 
functional to the physical domain, the design equation is:

    (1) 

where {FR} and [DP} are respectively the functional 
requirement vector and the design parameter vector, whereas 
[A] is the design matrix for this mapping. The design matrix 
displays the relationship between each FRi and each DPj: 

   (2) 

If  there are m functional requirements and n design 
parameters, the general format for the design matrix is: 

  (3) 

Ideally a square design matrix is obtained, with an equal 
number of  FRs and DPs (m = n), which you might the case 
depicted in figure 2. If  this matrix is diagonal, the off-diagonal 

elements can be assumed to be zero (Aij ! 0, where i " j), so an 
uncoupled design is obtained, and the first axiom is satisfied. 

If  the design matrix is triangular, the independency of  
the FRs is assured if  and only if  the adjustment of  the values 
of  the DPs is made in the order indicated by the design 
matrix. This is the case of  a decoupled design 

Any other case of  a square design matrix that is neither 
diagonal nor triangular, is said to be a coupled design, in 
which the Independence Axiom cannot be satisfied. 

When the number of  FRs is larger than the number of  
DPs (m > n), the result is either a coupled design, or the 
non-fulfilment of  all the FRs. 

If  there are fewer FRs than DPs (m < n), the design may 
be uncoupled or decoupled, but in both cases we say that we 
are in the presence of  a redundant design. 

The values of  the elements of  the design matrix (Aij) can 
assume one of  three formats: binary, percentage or function. 

In the binary format, the values of  the design matrix are 
“0” or “X”, where the first indicates no relationship between a 
certain FRi-DPj pair, and “X” indicates a relationship between 
them. Sometimes, it is possible to use a “1” instead of  an “X”. 

The percentage format admits values for the design matrix 
elements between “0” and “1”, according to the strength of  
the relationship that is believed to exist for each FRi-DPj pair. 

The third possibility is that the design matrix elements are 
a quantitative expression (transfer function) of  the relationship 
between each FRi-DPj pair. 

The design equation for the mapping from the physical 
domain to the process domain is given by equation 4. 

    (4) 

The second axiom states the following: 

b) Axiom 2 – Information Axiom: Minimize the information 
content of  the design. 

The first aim is to ensure the satisfaction of  the 
Independence Axiom When multiple designs satisfying the 
first axiom are available, the Information Axiom is used to 
choose the one with minimum information content. 

The information content is normally computed using the 
probability of  success of  the FRs [Park, 2007]. The less the 
information content of  a proposed design, the less its 
complexity is. 

In the simple case of a single FR-DP pair, the information 
content (I) is defined by equation 5, where usually logarithms 
of  base 2 (x = 2) are used [Gonçalves-Coelho et al, 2005]. 

 (5) 

The design range corresponds to the specifications 
established for the operational definition of  the FR. The 
design range is commonly also known as the translation of  
the “Voice of  the Customer” into technical terms. 

The system range is the real performance range associated 
to the FR. Its area is the entire area under the probability 
density function (pdf) of  the FR. For generic purposes, the 
pdf  of  figure 3 does not correspond to a Normal distribution. 
The system range is also known as the “Voice of  the Process”. 

The area of  the common range is the overlap between 
the design range and the system range areas. If  both areas are 
equal, the information index is minimum with a value of  zero. 

 

 
 

Figure 3. Probability of  success using the probability 
density function of  a single FR. 

If an uncoupled design with m FRs, and each FRi has a
probability of  pi to be satisfied, then the total information 
content of  the system is: 

  (6) 

Frey et al [2002] proved that for decoupled designs, 
equation 6 is not applicable and propose a method to 
compute the total information content for these cases. 

Park [2007] says that the information content is usually not 
computed for a coupled design, as it violates the first axiom. 

2.2 CONTACT AND CHANNEL MODEL (C&CM) 

The core of the C&CM approach is an orderly assignment 
of  the functions of  a product to their shape, which enables 
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designers to break up with rigid, pre-fixating representations
of  products. C&CM product models by means of  Working 
Surface Pairs (WSP) and Channel and Support Structures 
(CSS) force users to think about products in a more abstract 
way [Eckert et. al, 2004]. 

HOW THE C&CM WORKS 

By using C&CM it is possible to isolate an individual 
problem from the remaining technical system at any time of  
the design process and at any level of  detail, to solve it and to 
integrate the solution into the entire system to check the 
effects of  the changes on the entire system. 

The Contact & Channel Model describes engineering 
products in terms of  Working Surface Pairs and Channel and 
Support Structures [Matthiesen 2002]. Every function of  the 
product resides in a particular set of  Working Surface Pairs 
(WSPs) and Channel and Support Structure (CSS), because a 
function cannot be applied other than through these interfaces. 
This enables designers to think about abstract functions in a 
concrete way, because they can picture them at a set of  WSPs. 

In terms of  the C&CM approach, descriptions are 
generated for a particular problem through assigning a set of  
Working Surface Pairs and Channel and Support Structure to 
a specific function and searching for solutions on this clearly 
assigned level. The C&CM approach then picks and groups 
elements of  the existing description in a new way, exploring 
the inherent ambiguity of  how elements of  a description are 
grouped (see [Stiny 2000]). 

 

 
 

Figure 4. Function of  a ballpoint pen. 

For example the function of  a ballpoint pen (see figure 4) 
cannot be fulfilled unless WSP0.1 between paper and pen, 
WSP0.2 between pen and hand and the CSS0.1/0.2 
represented by the body of  the pen exist. If  one of  these 
elements is not build up correctly the function cannot be 
fulfilled. For example if  somebody tries to write on glass, 
WSP0.1 does not work correctly. Reasoning on a lower level 
of  detail it remains to clarify why the function cannot be 
obtained. What effect prevents writing on glass? Is there not 
enough friction in order to turn the ball, or do the properties 
of  the liquid ink prevent a wetting of  glass through ink? Are 
there other reasons? To clarify such a case remains then in the 
hands of  the designing engineer who might be given the task 
of  creating a ballpoint pen for labelling glass-surfaces. 

Thus, C&CM models can be applied on different levels of  
detail always in the same way, so that the same type of  mental 
model can be applied at different levels of  hierarchy. The 
CSS0.1/0.2 of  the ballpoint pen can be split up into further 

WSPs and CSSs, which represent the structure of parts in
relation to the structure of  functions contributing to the 
principal function. The model can be dynamically adjusted in 
its degree of  detail, according to the problem posed by a 
product. 

3 COMPARISON OF AXIOMATIC DESIGN AND 

CONTACT AND CHANNEL MODEL 

Several research studies, relating the comparison of  
Axiomatic Design with other design methods have been 
carried out for some time, demonstrating the interest this 
subject has within the design community. 

For example, Yang and Zhang [2000] compared Axiomatic 
Design with TRIZ and identified mutual relationships to be 
explored, Dong and Whitney [2001] proposed a technique to 
obtain a Design Structure Matrix (DSM) from a design matrix, 
whereas Melvin and Deo [2002] highlighted the importance 
of  identifying noise factors during the conceptual stage of  the 
design process, by means of  Axiomatic Design. 

On the next paragraphs we will explore the similarities, 
differences and possible synergies between Axiomatic Design 
theory and the Contact and Channel Model.  

3.1 MAIN SIMILARITIES 

INTER-DOMAIN APPROACH 

Both Axiomatic Design and C&CM outline the design 
process as a mapping between two domains. The C&CM is a 
product model that can save and relate both insights on 
product architecture, the functional level and the form 
responsible for it [Alink, 2005]. In doing so, although C&CM 
is not by itself  a matrix-based method, this procedure is 
equivalent to a design mapping between the functional domain 
and the physical domain of  the Axiomatic Design theory. 

LEVELS OF ABSTRACTION 

Similarly to Axiomatic Design, C&CM addresses the 
possibility of  performing design analysis at any level of  
abstraction, within the hierarchy of  the technical system. 

The design analysis, using the design axioms, is performed 
at each level of  detail. The C&CM approach also works on all 
levels of  detail, applying the same basic modelling elements 
[Albers et al, 2004]. In doing so, C&CM can be applied in each 
of  those levels needed to carry out the synthesis of  the DPs. 

LEVEL OF MATURITY OF THE SYSTEM 

Both Axiomatic Design and C&CM are applicable to 
different degrees of  innovation, ranging from incremental 
design to radical design. Within the TRIZ vocabulary this is so 
called “level of innovation”. In this paper we denominate it
the “level of  maturity” of  a technical system. 

Tate [1999] describes how design activities, both within 
and between design detail levels, based on Axiomatic Design 
theory can be applied to the design of  a new technical system, 
to the redesign of  an existing one and to perform design 
object analysis for a current technical system. In the same 
direction, Park [2007] refers that Axiomatic Design can be 
applied in the following areas: creative design, analysis of an
existing design, and design improvement. 

Similarly, C&CM is able to help the designers to think 
about existing and new solutions [Albers et al, 2005a],.as well 
as to analyse a current system based on object analysis. 
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ENABLER OF INNOVATION 

Both approaches stimulate the search for different 
solutions, in order to satisfy the functional requirements and 
design constraints. This enhances value creation of  the 
proposed solution and its potential of  innovation. 

Within the Axiomatic Design framework, at each level of  
the hierarchy, different sets of possible DPs that independently 
satisfy the FRs, are developed and subsequently evaluated, 
according to the Information Axiom. 

C&CM also helps designers to come up with new ideas, 
by breaking their fixations on current design solutions, and 
thinking about the problem in new ways. 

CONCEPT OF COUPLING 

According to the first axiom, coupling occurs when the 
design goals (left domain) are not independently achieved by 
their respective design solutions (right domain). Referring to 
the mapping between the functional domain and the physical 
domain, Suh [1990] distinguishes functional coupling from 
physical coupling, as Corollary 3 of  Axiomatic Design states 
that one may integrate DPs in a single physical part (chunk) if  
their respective FRs can be independently satisfied. Suh [1990] 
demonstrates this using the beverage can example. 

Causes for the non-independency between FRs can be 
grouped into two main reasons (figure 5): 

1. The adjustment or modification of  one of  the DPs directly 
affects one or more of  its non-respective FRs (situation a)). 

2. The adjustment or modification of  one of  the DPs affects 
one or more of  the other DPs, because their correlation 
cannot be neglected. This correlation will indirectly affect 
the other FRs that would not be directly affected by the 
change of  the original DP (situation b)). 

To illustrate this reasoning, let us consider the simple 
case, where we have a coupled design with two FRs and two 
DPs, given by the following design equation: 

  

Both situations depicted in figure 5 can cause this 
coupled design. In situation a) coupling occurs because each 
DP directly satisfies both FRs, whereas for situation b), in spite 
of  the fact that each DP does only satisfy its respective FR in 
a direct way, coupling derives from the strong correlation 
between the two DPs that will indirectly affect the other FR. 

From the perspective of  the Theory of  Inventive 
Problem Solving (TRIZ), situation a) may be regarded as a 
technical contradiction, whereas case b) can often be viewed 
as a physical contradiction, causing a technical contradiction. 

Matrix-based methods, such as the roof  of  the House of  
Quality or a Design Structure Matrix (DSM) can be used to 
capture interactions (correlations) between each pair of  DPs. 
Multi-vari studies are often useful as well for this purpose. 

C&CM also accommodates the concept of  coupling. 
Functional coupling may occur when one same WSP is 
adjacent to two or more functions, because a change 
performed in one function can impact the other function(s) 
through this linkage [Alink, 2005]. This situation may be seen 
as similar to case b) depicted in figure 5. 

Alink [2005] also proves that two functions, with their 
corresponding two WSPs and one CSS, sharing the exact same 

physical location, are said to be coupled. This is similar to
situation a) in figure 5. 

 

 
 

Figure 5. Design of  an automatic washing machine. 

CONCEPT OF COMPLEXITY 

Complexity in Axiomatic Design is related to the 
information content of  the design. The more complex a 
technical system is, the larger its information content is. 

According to El-Haik [2005], complexity is a compound
measure consisting of  variability, correlation and vulnerability. 
Variability is due to the variability inherent to the DPs that will 
achieve the FRs, correlation accounts for the statistical 
correlation between the DPs, and vulnerability depends on the 
topology of  the design matrix, in particular on the sensitivities 
of  the Aij elements. 

Corollary 2 of  Axiomatic Design states that the number 
of  FRs and design constraints should be minimised, because it 
increases the information content of  the design. 

C&CM also incorporates the definition of  complexity. 
Alink [2005] shows that complexity of  systems increases when 
several functions need to be fulfilled. This author underlines 
that complexity depends on the architecture of  the system, i.e. 
on the arrangement of  its forms and functions. This includes 
the correlation and vulnerability elements referred by El-Haik 
[2005]. 

For example, corollary 3 of  Axiomatic Design states that 
the information content may be reduced through the physical 
integration of  DPs into the same part if  the functional 
independency can still be assured. In C&CM, two functions, 
with their basic elements located on the same chunk, can still 
be performed independently, as will be seen in the example of  
the carpenter’s hammer that we will provide later on. 

3.2 MAIN DIFFERENCES 

INDICATION OF THE SEQUENCE OF ADJUSTMENT 

THAT ASSURE FUNCTIONAL INDEPENDENCY 

C&CM does not directly capture the adjustment sequence 
of  the design elements that assure the functional 
independency. However, a method to deal with the temporal 
independence of  the functions is being developed at IPEK 
(see [Albers et al, 2008a] and [Albers et al, 2008a]). 
On the other hand, Axiomatic Design indicates the right 
sequence of  adjustment through the design matrix. 

MORPHOLOGY OF THE TECHNICAL SYSTEMS 

As opposed to Axiomatic Design, the C&CM is basically 
applied to support the design of  physical systems, although 
very recent research [Wynn and Clarkson, 2008] demonstrated 
its applicability to software design as well. 
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Because Axiomatic Design is a more mature theory, along 
the years has been applied to design different types of  
technical system, as was referred in section 2.1. 

REPRESENTATION OF SYSTEM ARCHITECTURE 

In addition to the design equations, where design analysis 
can be performed, and the tree diagrams, that represent the 
hierarchical structure of  FRs, DPs and PVs, Axiomatic Design 
can also capture the system architecture through Module-
Junction Diagrams and Flow Diagrams (see [Suh, 1998]). 

Drawings and notations to represent the architecture of  
the technical system in the context of  the C&CM approach 
have been developed (see [Albers et al, 2005b]), but these 
representations are very different from those of  Axiomatic 
Design. C&CM Drawings enable the visualisation of the WSPs 
and CSSs, and the representation of  their properties through 
the use of  a set of  graphical symbols. These drawings, and 

their symbols, can be used to describe the system architecture 
at different levels of  detail. 

DECOMPOSITION 

The C&CM approach currently does not provide rules, 
nor guidelines, to coherently perform the functional and 
physical decomposition during the system design, although 
recent research (see [Albers et al, 2008a] and [Albers et al, 
2008a]) is being undertaken to perform functional and 
structural decomposition in the context of  C&CM. 

Tate [1999] developed a set of  rules, guidelines and tools 
to better execute the design activities that are part of  the 
decomposition process. 

3.3 MAIN SYNERGIES 

Table 1 explores the potential benefits from integrating 
Axiomatic Design with C&CM. 

 

Table 1. Synergies between Axiomatic Design and the Contact and Channel Model. 

Axiomatic Design Contact and Channel Model (C&CM) 

Concept of Design Parameter (DP): 

Suh [1998] defines design parameters (DPs) as the key physical (or 
other equivalent terms in the case of software design, etc.) 
variables in the physical domain that characterize the design 
satisfying the specified FRs. 

The DPs can be allocated into physical or logical parts, depending 
on the morphology of the technical system 

Basic C&CM elements to fulfil a function: 

A technical function in terms of C&CM needs two Working 
Surface Pairs (WSPs) and a structure that connects them (a 
Channel and Support Structure – CSS). 

A DP can then be described under these terms of two WSPs and 
one CSS, together with the properties of these elements. 

Axiomatic Design activities at one level of abstraction: 

Tate [1999] distinguishes the design activities that occur at one 
level of detail from those related to the decomposition process. 

The first type of activities comprises design synthesis of the DPs, 
comparison of the DPs versus constraints, design analysis 
according to the two axioms, and decoupling of a coupled design. 

Element model C&CM support activities: 

C&CM can play an important role in the activities that occur at a 
certain level of abstraction. In particular, it supports the thinking 
process both during design analysis and synthesis. Moreover, 
C&CM can also be useful when we do intend to decouple a 
coupled design using the C&CM heuristic solutions. 

Theorem 1 (Coupling due to insufficient number of DPs): 

When we have less DPs than FRs the result is a coupled design or 
the non-satisfaction of all the FRs. 

Theorem 2 (Decoupling of coupled design): 

When a design is coupled due to the number of FRs being greater 
than DPs (m > n), it may be decoupled by the addition of new 
DPs, so as to make the number of FRs and DPs equal to each 
other, if a set of the design matrix containing n!n elements 
constitutes a triangular matrix. 

C&CM synthesis four basic principles: 

The principles “Adding WSP and CSS”, “Changing properties of 
CSS”, and “Changing properties of WS or WSP” are 3 of the 4 
basic principles of the C&CM framework, that can be applied to 
create a sufficient number of DPs. 

Theorem 3 (Redundant design): 

When there are more DPs than FRs, the design is either a 
redundant design or a coupled design. 

C&CM Heuristics: 

A set of solution principles within C&CM approach can help the 
designers to change the properties of the technical system, in 
order to improve its conceptual design. 

The heuristic solution to overcome the problem “Add an 
additional function to an existing system” (same problem stated in 
theorem 3) is either “Insert (at least) one additional WSP that 
fulfils the additional function” or “Change the properties of an 
existing WSP, so that this WSP can fulfil the additional function”. 

Theorem 5 (Need for new design): 

When a given set of FRs is changed by the addition of a new FR, 
or substitution of one of the FRs by a new one, or by the 
selection of a completely different set of FRs, the design solution 
given by original DPs cannot satisfy the new set of FRs. 
Consequently, a new design solution must be sought. 

C&CM basic rules: 

The addition of a new FR, or substitution of one of the FRs by a 
new one, means that the description of the previous system, in 
terms of the basic rules of C&CM, is not applicable anymore, so 
that a new description is needed. The description based on the 
C&CM basic rules is useful to conceive a new design based on 
the connection of functions (FRs) and forms (DPs). 
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Corollary 1 (Decoupling of coupled designs): 

Decouple or separate parts or aspects of a solution if FRs are 
coupled or become interdependent in the design proposed. 

Decoupling by understanding the C&CM concept of coupling: 

Functional coupling may occur either when a linkage (an adjacent 
WSP) between two functions exists, or when their corresponding 
two WSPs and one CSS do share the exact same physical 
location. Similarly to Axiomatic Design’s corollary 1, decoupling 
or separation of parts or solution elements can remove those 
linkages or those allocated WSPs and CSS on the same physical 
location. 

Corollary 2 (Minimization of FRs):

Minimize the number of FRs and constraints. 

This corollary derives from the Information Axiom, because the 
higher the number of FRs and constraints a design has to fulfil, 
the larger its complexity will be. This corollary reminds the 
designer to design for maximum simplicity. 

Concept of complexity of the C&CM:

According to C&CM complexity also increases when several 
functions need to be fulfilled. 

Corollary 3 (Integration of physical parts): 

Integrate design features in a single physical part if the FRs can be 
independently satisfied in the proposed solution. 

Integration of different WSPs and CSSs in one physical part: 

One same chunk can accommodate several independent 
functions by integrating their corresponding basic elements 
(WSPs and CSSs), if two WSPs and one CSS of at least two 
functions do not share the exact same physical location. 

 

4 EXAMPLES OF APPLICATION 

CARPENTER’S HAMMER 

We will now consider the case of  a carpenter’s hammer. 
This technical system has two main functions to perform, 
which are satisfied by two design parameters: 

FR1: Insert nail. 
FR2: Remove nail. 

DP1: Flat end on the head. 
DP2: Forked end on the head. 

Although both DPs are allocated in the same physical 
part (the hammer’s head), the design matrix of  this technical 
system concepts tells us that the Independence Axiom is 
assured. This in accordance with corollary 3. 

 

We can take a deeper look into the relationship between 
forms and functions by analysing this design using the C&CM 
approach (figure 6). 

 

 
Figure 6. Design analysis of  the carpenter’s hammer 

using de C&CM approach. 

The function “insert nail” is fulfilled through two WSPs 
(WSP 1 and WSP 2) and one CSS (CSS 1/2) connecting them. 
This is equivalent to DP1. 

The function “remove nail” is fulfilled through WSP 1 an 

WSP 3,with CSS 1/3 linking them. This is equivalent to DP2. 
WSP 1 is formed by the interface between the 

carpenter’s hand and the WS of  the hammer’s handle; WSP 2 
is also the interface between the flat end on the head and the 
nail’s head. 

Both functions share one common WSP (WSP 1), but 
the design is not coupled because WSP 2 and WSP 3 are not 
located on the exact same physical location. If  they did, they 
would also share the exact same CSS, and this design would 
be functionally coupled. 

BEAM ADJUSTER FOR A LASER MARKER 

This example is described in Park [2007]. A laser marker 
is a machine that engraves characters or logos on the surface 
of  semiconductors. To adjust the visible diode laser, a device 
called “beam adjuster” is used. The current design of  the 
beam adjuster is depicted in figure 7. Park [2007] analysed 
this existing design using Axiomatic Design, and concluded 
that the FRs for this beam adjuster were as follows: 

FR1: Align the vertical position of  the diode laser beam. 
FR2: Align the vertical angle of  the diode laser beam. 
FR3: Align the horizontal position of  the diode laser beam. 
FR4: Align the horizontal angle of  the diode laser beam. 
FR5: Fix the beam alignment. 

And that the corresponding DPs were the following: 
DP1: Vertically moving component. 
DP2: Supporting block. 
DP3: Fixing screw. 

There are less DPs than FRs. According to theorem 3, 
this is either a coupled design or the non-satisfaction of  all 
the FRs. The design equation reveals a design matrix showing 
that this current design is a coupled one: 
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Figure 7 describes the current beam adjuster design 
according to the C&CM model, at the highest level of  
abstraction, the same level of detail described by the previous 
design matrix. 

We see that FR1 and FR2 are coupled, because their 
WSPs (WSP 1 and WSP 2) and CSS (CSS 1/2) are located on 
the same physical location. That is to say that both FRs are 
fulfilled by the same DP (DP1). 

In a similar manner, FR3 and FR4 are coupled by DP2, 
so that both functions have their WSPs (WSP 3 and WSP 4) 
and CSS (CSS 3/4) located on the same physical location. 

 

 
 

Figure 7. Description of  the current beam adjuster 
design using the C&CM (adapted from [Park, 2007]). 

 

Table 2 translates the DPs identified using Axiomatic 
Design from the perspective of  the C&CM approach. 

Table 2. Description of  the DPs for the current beam 
adjuster design according to the C&CM approach. 

FR DP Equivalent description of  DP in C&CM 

FR1 

FR2 

DP1 

WSP 1 (interface between the vertically moving 
component and the hand of  the person that is 
adjusting the beam) and WSP 2 (interface between 
the vertically moving component’s screw and 
the support block’s hole) linked by CSS 1/2 (the 
vertically moving component’s body) 

FR3 

FR4 

DP2 

WSP 3 (top surface of  the supporting block and 
the hand of  the person that is adjusting the 
beam) and WSP 4 (interface between the base of  
the supporting block and the surface in which 
this block can horizontally slide) linked by 
CSS 3/4 (the supporting block’s body) 

FR5 DP3 

WSP 5 (interaction between the screw’s head 
and the top surface of  the beam adjuster’s base) 
and WSP 6 (interface between the bottom 
surface end of  the fixing screw and the surface 
in which the supporting block can be fixed) 
linked by CSS 5/6 (the body of  the screw) 

 

When two or more functions have their correspondent 
WSPs and CSS sharing exactly the same physical location, 
and their inherent properties are no different, they can be 
viewed as having the same WSPs and CSS connecting them. 
This means those functions are fulfilled by the same DP. 

According to table 1, one can use three out of  the four 
C&CM synthesis basic principles to decouple this design. 

For example, FR1 and FR2 can be decoupled by adding 
one WSP and one CSS that links this new WSP to an existing 
WSP. Alternatively, two new WSPs can be added, linked by a 
new CSS. The same reasoning may be applied for the case of  
FR3 and FR4. Decoupling each of  the two coupled functions 
can be viewed as changing one WSP from one physical 
location to another. 

A new design was proposed (figure 8). Two DPs were 
added, so that the number of DPs and FRs are now the same. 

The new set of  DPs is: 
DP1: Upper rear screw. 
DP2: Upper front screw. 
DP3: Side rear screw. 
DP4: Side front screw. 
DP5: Fixing screw. 

 
 

Figure 8. Description of  the new beam adjuster design 
in terms of  its DPs (adapted from [Park, 2007]). 

By analysing the corresponding design matrix, one can 
conclude that this is a decoupled design, because the angles 
can be adjusted after the adjustment of  the positions. 

 

Figure 9 shows the front view of the new beam adjuster. 
Because this is a front view, the figure depicts the C&CM 
description of  the front screws (DP2 and DP4) that fulfil FR2 
and FR4. 
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Figure 9. Description of  the front design elements of  
the new beam adjuster using the C&CM approach. 

FR2 is fulfilled through two WSPs (WSP 1 and WSP 2) 
linked by one CSS (CSS 1/2), so that these elements together 
are equivalent to DP2. WSP 1 is formed by the interaction 
between the hand of the person that is adjusting the beam
and the head of  that upper front screw. WSP 2 is the 
interaction between the surface of  the laser beam outside 
diameter and the bottom surface end of the upper front screw. 

The C&CM description of  the elements that fulfil FR4 
is also depicted in figure 9 and follows the same reasoning. 

Table 3. Description of  the DPs for the new beam 
adjuster design according to the C&CM approach. 

FR DP Equivalent description of  DP in C&CM 

FR1 DP1 

One WSP (interaction between the upper rear 
screw head and the hand of  the person that is 
adjusting the beam) linked by one CSS (the 
body of  the upper rear screw) to another WSP 
(interaction between the surface of  the laser 
beam outside diameter and the bottom surface 
end of  the upper rear screw) 

FR2 DP2 

One WSP (interaction between the upper front 
screw head and the hand of  the person that is 
adjusting the beam) linked by one CSS (the 

body of the upper front screw) to another WSP 
(interaction between the surface of  the laser 
beam outside diameter and the bottom surface 
end of  the upper front screw) 

FR3 DP3 

One WSP (interaction between the side rear 
screw head and the hand of  the person that is 
adjusting the beam) linked by one CSS (the 
body of  the side rear screw) to another WSP 
(interaction between the surface of  the laser 
beam outside diameter and the bottom surface
end of  the side rear screw) 

FR4 DP4 

One WSP (interaction between the side front 
screw head and the hand of  the person that is 
adjusting the beam) linked by one CSS (the 
body of  the side front screw) to another WSP 
(interaction between the surface of  the laser 
beam outside diameter and the bottom surface 
end of  the side front screw) 

FR5 DP5 

One WSP (interaction between the fixing 
screw head and the hand of  the person that is 
fixing the beam) linked by one CSS (the body 
of the fixing screw) to another WSP (interaction 
between propped end of  the fixing screw and 
the surface of the laser beam outside diameter) 

Table 3 depicts the equivalent description of the new set
of  DPs from the perspective of  the C&CM approach. The 
functions FR1, FR2, FR3 and FR4 share one same WS (surface 
of  the laser beam’s outside diameter), although in distinct 
physical locations. This new design is not coupled because 
the WSPs and the CSSs correspondent to the different FRs 
are located in different physical locations. 

5 C&CM IN THE CONTEXT OF A DESIGN FOR 

SIX SIGMA ROADMAP 

Design for Six Sigma (DFSS) is a recent branch of  the 
Six Sigma philosophy, whose main purpose is to design 
technical systems with world-class levels of  performance in 
all its the critical to quality (CTQ) characteristics. It can be 
used to redesign existing systems or to design completely 
new ones. 

DFSS is a methodology that commonly uses a four-phase 
roadmap, known by the acronym ICOV. It uses a set of  tools 
in a structured way to achieve high standards of  conceptual 
and operational robustness for the technical system during 
its life cycle. A formal design review, usually entitled 
“tollgate”, takes place, in order to evaluate if  the project 
milestones and design objectives are being properly 
accomplished, if  any adjustments are needed, and also to 
plan the activities that will take place during the next phase. 

Figure 10 depicts the ICOV roadmap that is used during 
the execution of  the DFSS projects. The Contact and 
Channel Model can be very useful during the Characterise 
phase, where it can also be used in combination with 
Axiomatic Design as well other tools of  this phase. 

 

 

Figure 10. C&CM can be easily fitted into a DFSS 
project. 

6 CONCLUSIONS 

This is the first paper where the Axiomatic Design 
theory and the Contact and Channel Model are formally 
compared and their use in conjunction is explored. 

The similarities and differences between the two design 
approaches were first identified. 

We concluded that both design approaches relate the 
functional perspective of  a technical system with its solution 
elements, that will fulfil the functional requirements. 
Furthermore, both can be used to perform design analysis at 
any level of  detail. Other similarity is the fact that the two 
approaches stimulate creativity and innovation by searching 
for alternative solutions that fulfil the functional 
requirements. Both can be applied to different types of  
design projects (e.g. design object analysis, incremental 
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design, new design). Finally, both C&CM and Axiomatic 
Design share the concepts of  coupling and complexity, 
although C&CM does not directly indicate the right sequence 
of  adjustment of  the design parameters when the design is a 
decoupled design. 

C&CM is essentially used when the technical system to 
be designed is a physical one, i.e. hardware, whereas Axiomatic 

Design has already been applied to the design of  several 
morphological types of  systems. Both approaches also differ 
in the way they represent the technical system’s architecture. 

The main synergies between Axiomatic Design and 
C&CM were presented in a table format, where the 
integration between several of  the underlying theorems and 
corollaries of  the Axiomatic Design theory and the C&CM 
approach was explored. The two examples of  applications, 
also presented, demonstrate how an integration of  both 
approaches can be made possible. 

Finally, it was shown that the C&CM model can be used 
during the Characterize phase of a Design for Six Sigma 

(DFSS) program. 
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ABSTRACT 

Since the last decade, considering the globalization 
process of  the economy, the market evolution has tended to 
reduce product costs and to decrease time devoted to the 
product design and development. In this context, it is also 
important to consider the growing need for improving 
product performance and for integrating user specifications 
very early in the design process.  

In order to answer these needs, this paper proposes a 
specific design method based on Axiomatic Design 
methodology and a functional analysis in order to reduce the 
time dedicated to routine engineering. This method is directly 
integrated into our self-developed PLM system - Product 
Lifecycle Management- in order to work in a worldwide and 
collaborative design environment.  

The main objective of  our methodology is to define 
the CAD model geometry according to the modifications and 
the customer needs. In order to manage such control, we can 
identify functional parameters and functional rules through 
the functional requirements and the input constraints. 
Moreover, we can extract the specific parameters and the 
specific rules from the older CAD models stored in the 
Product Data Management system or PDM from the previous 
and validated project.  

Our method explains how to obtain and link the 
different parameter types and rules through the definition of  a 
theoretical Functional Knowledge which relates a 3D 
geometry entity to a customer need. This knowledge aims at 
giving an input to a knowledge management system. It also 
defines a specific architecture of  the 3D CAD product based 
on the system components divided in functional entities. This 
specific architecture is used in order to perform and lay the 
foundation of  a Knowledge-Based Engineering methodology 
or KBE. Moreover, this specific CAD architecture gives us a 
possibility to develop our data mining methods which are 
included into our KBE approach. 

Keywords: Axiomatic Design, Routine Engineering, PLM, 
CAD modelling, Knowledge-Based Engineering. 

1 INTRODUCTION 

 The market evolution of  the past ten years has been 
oriented towards globalization in order to reduce the final 
product costs and decrease development time. In this context, 
it is also important to consider the growing need for 
improving product performance and for integrating user 
specifications in the very early stages of  the design process. In 
fact, this new context has generated a new engineering kind of  
work [Brissaud and Garro, 1996] [Eynard and Gomes, 2004] 
which is now more collaborative and extended worldwide. 
Today, Internet provides us a way to answer this problematic. 
Web-based products which were formerly PDM or Product 
Data Management platforms and now PLM or Product 
Lifecycle Management platforms will help us to work 
synchronously and asynchronously worldwide [Kvan, 2000]. 
To illustrate this, we can analyse the context of  the automotive 
market. The major OEMs -Original Equipment 
Manufacturers- used to offer one product by segment. Today, 
in order to answer the market, they have different choices in 
the same segment and each new product is adapted precisely 
to the customer needs. For instance, we can quote electronic 
manufacturers who are able to launch several cell phones in 
the same year.  

If  we compare these two business segments which 
are totally different, we infer that the main difference between 
each product is exterior design. In this case, the main 
problematic in the development cycle is to plug the new A-
surfaces on the internal components of  the product. 

In addition, in the automotive industry, M. Rezayat 
says that only 20% of  the components used in a product are 
traditional “New Design”, which can be called innovation. 
The other 80% are considered as routine engineering which is 
split into two parts: the first 40% for the slight existing part 
modifications and the other 40% for the complete reuse of  
pre-existing or externally supplied parts [Rezayat, 1996].  
 Moreover, if  we consider the product lifecycle from 
an OEM point of  view [Thimm et al., 2005], as described in 
figure 1, this routine engineering interacts in the “Product 
Concept” and the “Detailed Design” phases. Today, one of  
the tools used in these phases is the CAD system. In fact, the 
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3D CAD models are one of  the most important inputs of  the 
production phase.  

 

 
Figure 1. Stages in product life-cycle management from 

an OEM point of  view 

In this context, the main objective of  this paper is to 
carry out a methodology in order to decrease time devoted to 
such a routine engineering, the aim being 50% of  the time 
against 80% today. This tends to allocate more resources for 
innovation, namely 50% of  the time against 20% today 
[Prasad, 1996].  

The following methodology lays out a general 
approach linking different points of  view about the product 
using a systemic approach [Pahl and Beitz, 1995] and based on 
axiomatic design [Suh, 1999]. This methodology describes 
how to build a functional CAD model in interaction with a 
knowledge engineering approach in order to create a new type 
of  knowledge (K) called Functional Knowledge (Kf). 

2 PROPOSED METHODOLOGY AND USED 

TOOL 

In a global collaborative approach and using a PLM 
system [Shen, 2003], the designer always follows the same 
generic design steps by using a vectorial definition: from 
customer requirements to technical parameters or 
manufacturing operations. These design steps are described in 
the following items: 

1. Understanding of  the customer needs. In this 
approach, it is necessary to list the different 
specifications as a "Requirements" vector: R = 
[r1 ;… ;rn], with a n size, 

2. Definition of  the problem and functions in 
order to respond to these specifications. The list 
of  the functional requirements are represented 
as a "Functions" vector:  Fu = [fu1 ;… ;fum], 
with a m size, 

3. Development of  a solution for the product 
based on the evaluation of  different solution 
principles. This solution includes several 
components or parts which are listed in a 
"Parts" vector: P = [p1 ;… ;pk], with a k size. 

4. Analysis and optimization [Eggers et al., 2002] 
of  the retained solution with an identification 
of  the technical characters in each part, sub-
assemblies or assemblies, which are represented 
in a "Technical or specific parameters" vector T 
= [t1 ;…tu], with a u size. 

5. Optimization of  the objective functions 
according to expert rules and  design 
constraints: Rules vector: Ru = [F1(X) ;… 
;Fi(X)] with X = [x1 ;… ;xn+u], dimension 
vector n+u: concatenation of  the R vector = [r1 
;… ;rn] and the T vector = [t1 ;…tu], 

6. Validation of  the customer specifications with a 

validation loop. 
In this paper, we will reduce our analysis to the functional and 
structural aspects applied to a parametric and topological 
modelling approach. 

2.1 PARAMETRIC APPROACH 

The following figure (figure 2) depicts the four steps 
of  our methodology. 

 

 
Figure 2. Methodology model 

The first step of  our methodology is performed by 
the prescriber -the marketing manager for instance- and based 
on customer needs. This step allows the designer to list 
requirements in order to find the functions of  the newly-
developed product. This specification list is implemented into 
the database of  our self-developed and web-based [Liu an Xu, 
2001] ACSP PLM system [Gomes and Sagot, 2002], such as 
“Life Situation”, “Function”, “functional parameters”, 
“specific parameters”, etc. (Figure 1). 

In this first step, the technological context of  the 
product design can be defined as routine or innovative 
engineering. Depending on this context, the product architect 
can build a new product structure based on a previous design 
case -routine design [Vong et al., 2002] - or on a new concept -
Innovative design. This product architecture is then 
implemented into the ACSP PLM using the following fields in 
the database: “Product”, “Product configuration”, “Electronic 
Bill of  Material (EBoM)”, “Parts”, etc. 

The second step is performed by experts (Step 2a), 
in parallel with the first one. It allows to integrate the expert 
rules based on previous projects capitalized into our Expert 
Knowledge System with the help of  artificial agents in the 
ACSP PLM system. 

These expert rules are then implemented into our 
PLM ACSP using the following fields: “Functional rules” and 
“Specific rules”. Meanwhile, the CAD expert (Step 2b)  builds 
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specific generic CAD Models also called CAD templates, 
using specific KBE or Knowledge Based Engineering 
[Whitney et al., 1999] software in order to automate the 
routine design activities in a geometrical CAD modeller. 

Based on the previous data implemented into the 
ACSP PLM system -product architecture, specific parameters, 
functional rules, etc-, our third step consists in generating 
CAD scripts automatically. These scripts allow to create 
automatically in the CAD modeller the parameterized product 
architecture including the product rules and conform to the 
functional specifications stored in the ACSP environment. 

The fourth and final step is performed by the CAD 
designer. Using the CAD templates, the generated tree 
[Gomes et al., 2006] of  the CAD model including design rules 
and parameters, the designer is now able to build the CAD 
model faster. This CAD model will be in accordance with all 
the expert rules and driven by functional specifications. 

2.2 CAD MODEL ARCHITECTURE 

In this paper, we will illustrate this approach with a 
commercial software issued by the Dassault System Company 
called CATIA v5. In order to identify knowledge in a CAD 
definition; each file must have the same global architecture. 
Our methodology suggests five levels in a CAD definition.  

 

 
Figure 3. Generic architecture of  a CAD model 

As illustrated in Figure 3, they can be defined as follows: 

• Assembly (A): It is composed of  sub-assemblies 
cinematically linked together. 

• Sub-assembly (SA): It aggregates parts and each 
part is cinematically fixed to another one and 
has no degree of  freedom. A sub-assembly does 
not include cinematic links between parts.  

• Part (P): It is composed of  functional organs 
and functional interfaces. Each component is 
cinematically fixed to another one.  

• Functional Organ (FO): It is a geometrical 
component of  the part. The geometry of  the 
functional organ is driven by specific 
parameters. This geometry answers to 
functional specifications.  

• Functional interface (FI): It is a wireframe 

component from the part. This component is 
the foundation of  the functional organ and 
performs the interface between the different 
parts.  

If  each CAD model is built with this approach, we 
can extract from each model the same kind of  information 
using a generic method. This method is described in the X 
figure, and performed in 6 steps after the CAD model check-
in into the ACSP PLM, and explodes it in several parts called 
functional Geometry  (Gf). 

• Step 1: The product architect checks-in his new 
CAD model into the Web-Based interface. 

• Step 2: The CAD model is uploaded into the 
data base of  the PDM server. 

• Step 3: The PDM server launches a CAD 
software on a CAX server in order to perform 
the exploding operation. In our case, we launch 
CATIA v5 and a Visual Basic script. 

• Step 4: The CAX server returns the process 
output, in our case, several new parts.  

• Step 5: The new parts are accessible on the web-
based interface. 

• Step 6: Any designer can view and use this new 
Gf. 

 

 
Figure 4. Gf extraction model 

Each generated Gf is now composed of  a single 
Functional Organ (FO) based on its Functional Interface (FI). 
The following equation formalizes this method: 

 

 (1) 

 (2) 

 (3) 

 
The first equation shows that the part is composed 

of  functional organs and functional interfaces. The second 
equation explains the functional geometry and the third 
equation concatenate the first and the second equation in 
order to explain that a part is composed of  several functional 
geometries. 
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3 THE FUNCTIONAL KNOWLEDGE KF 

To create a new type of  Knowledge, it is important 
to understand the approach of  knowledge engineering. It can 
be defined as follows: knowledge engineering provides 
material and human resources to produce, share, maintain, 
protect and refresh the knowledge of  the external 
environment of  the company (Economic Intelligence) and the 
internal environment of  the company (Knowledge 
Management) [Blondel et al., 2006].  

It is also important to understand the difference 
between data, information and knowledge. To explain these 
three concepts, we can retain Tom Davenport and Larry 
Prusak's definitions given in 1998 [Davenport and Prusak, 
1998]. A data is a set of  discrete, objective facts about events 
that are usually stored in some form of  information 
technology system. Information is data with meaning. 
Knowledge is a fluid mix of  framed experience, values, 
contextual information, and expert insight that provides a 
framework for evaluating and incorporating new experiences 
and information.  It originates and is applied in the mind of  
knowers.   

3.1 EXTRAPOLATION OF A KF 

In our methodology, we are in possession of  two 
linked information: 

• The Customer need, represented by the vector 
“R” 

• A functional geometry, called Gf, composed by 
a functional organ and his functional interface 

Using the previous definition of  the knowledge and 
in order to create a new type of  K, the most appropriate 
algebra to formalize the link between the information and 
obtain a K is the Union operator, and can be written as 
follows: 

 

 (4) 

3.2 USAGE OF A KF 

The most important point is that we can now manage 
this new type of  knowledge with the traditional methodology 
of  knowledge management. In fact, this management can be 
describing as follows: 

• Share: through the PLM ACSP, we can use the 
Kf  at each step of  the product workflow. 

• Maintain: The Kf is plugged with several 
indicators. For example: cost, quality, 
robustness, etc. 

• Protect: the Kf is totally integrated into the 
PDM system and therefore has the same 
security than the other technical data. 

• Refresh: the Kf is also viewable by an expert, 
and can be updated if  the Gf or  R are evolving 

We will see how we can reuse a Kf in the next section 
which describes an experimental case. 

4 EXPERIMENTAL CASE 

In this section, an experimental case is described in 
order to explain our methodology. Every two years, our 

mechanical engineering and design department in our 
university has to develop and prototype a new competition 
vehicle. The mechanical product used in this experimental 
case is the integral body of  this vehicle (figure 5).  

 
Figure 5: General overview of  the integral body 

This product is only in contact with the body in 
white (BIW) of  the same vehicle. In this experimental case, we 
simulate the collaboration OEM – Supplier, therefore, we 
need to supply the integral body to the OEM. The functional 
requirements of  the OEM are the maximum weight of  the 
product, the maximum measures and the skin master draft.  
Figure 6 describes the different stages in the product lifecycle 
from the supplier's point of  view. 

 

 
Figure 6: Stages in product life-cycle management, 

Supplier point of  view 

4.1 PRODUCT ARCHITECTURE 

In order to generate the parameterized and regulated 
product architecture, the following criteria need to be 
implemented into our ACSP PLM at first. 

• The product architecture: it is based on the 
previous project and generic knowledge or 
design experiment validated by experts.  

• The functional rules and parameters: they are 
based on the specifications, functional 
parameters impact directly the product, 
independently from the chosen solution. For 
instance, the functional parameters “Total 
Weight”, “Bounding Box” (maximum measures 
in x, y and z directions) and “A-Surfaces” (skin 
master draft) directly impact the integral body 
independently from the retained solution. About 
the functional rules, they only manage the 
functional parameters of  the impacted product. 
For instance, the “Total Weight” parameter  is 
linked to the “Body Weight” and the “Airfoil 
Weight” parameters with this functional rule: 
“Total Weight = Body Weight + Airfoil 
Weight”, 
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• The specific parameters and rules are based on 
expert knowledge and previous cases. When this 
kind of  parameters and rules are validated by 
experts, they will impact the product specifically 
and are independent from the retained solution. 
For example, the “rear airfoil” part includes the 
specific parameters called “Thickness” which 
drives its theoretical constant thickness -expert 
rule in plastic design. The specific rule linked to 
this specific parameter is depending on the 
chosen solution. 

Figure 7 illustrates a part of  the first matrix of  our 
methodology applied to the functional requirements of  the 
integral body. This matrix is defined in order to keep a 
traceability of  the design choices. The requirements used in 
this matrix are defined as follows: 

• R1:  Total Weight 

• R2:  Bounding Box 

• R3: A-Surfaces 
Two solutions can respond to these requirements. 

They are defined by the product architect. 

• First, the integral body is built in one part 

• Secondly, the integral body is composed by two 
sub-assemblies, namely the body and the rear 
airfoil. 

In our case, we choose the second solution. Which 
enables us to extract the functional requirements of  our 
product: 

• Fu1: To protect the BIW from the external 
environment 

• Fu2: To keep the stability of  the BIW in its 
external environment by using wind 

 

 
Figure 7: an example of  the external functional analysis 

of  our product and its corresponding matrix (R-Fu 
Matrix) 

 Figure 8 illustrates a part of  the second matrix of  
our methodology, crossing functions with sub-assemblies 
and/or parts of  the integral body. This matrix is defined 
according to an internal functional analysis approach 
performed to optimize the product design and costs. The first 
goal of  this internal functional analysis methodology is to 
reduce the product design to the only parts involved in the 
functional flux. 

The second goal is to define the Functional 
requirements which depend on the internal architecture 
choice. In our case, we need to interface the rear airfoil with 
the body. This function is called Fu3. 

 
 

 
Figure 8: an example of  internal functional analysis of  

our product and its corresponding matrix (Fu-P Matrix) 

It is necessary to define all the specific parameters 
driving each part of  the product contributing to build the 
specific parameter vector -vector T. As shown in Figure 9, a 
P-T matrix can be filled in order to get the links between parts 
and technical parameters. In our example, we use three 
specific parameters. 

• T1: Thickness 

• T2: Poka Yoke diameter 

• T3: Bounding Box: X length 
 

 
Figure 9: an example of  internal functional analysis of  
our product and its corresponding matrix (P-T Matrix) 

The next step consists in identifying the specific 
parameters of  the product linked with each part in order to 
build a new vector -vector X- resulting from the 
concatenation of  the requirement R vector and the specific 
parameter T vector. 

Table 1. Extract of  the vector representation of  the 
functional and specific parameters linked to the specific 

and functional rules in the case of  body - airfoil 
architecture type. 

 

 
 
The previous table (Table 1) proposes a vector 

representation of  different functional and specific parameters 
linked to the functional and specific rules of  the integral body. 
This table is in accordance with the previously described 
functional, structural and geometrical knowledge-based design 
approach using our self-developed PLM system. At this step, 

 
 
 
 
 

 
 
R 
 

Wt : Total Weight  
Xmax : X length of  the Bounding Box 
Ymax : Y length of  the Bounding Box 
Zmax : Z length of  the Bounding Box 
… 

X   
  

T 
 

T : Thickness 
Dpy : Poka Yoke diameter 
… 
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it is possible to generate some Visual Basic scripts for CATIA 
v5 CAD modeller directly through our ACSP PLM system. 
These scripts launched in the CAD environment create a 
product architecture (product tree) automatically, including the 
various parts and sub-assemblies, and index, the functional 
and specific parameters and rules directly in the product tree, 
in association with the X vector previously described. 

The last step consists in building geometry on the 
previously described product architecture -sub-assembly, parts, 
functional and specific parameters, rules, etc.- in order 
connect the requirements to the CAD model. 

The main advantage of  our proposed methodology 
is to link the customer specifications to the Digital Mock-Up 
directly while considering all the expert design rules. Thanks 
to this methodology, when a modification is done on the 
specification during the design process -modification of  the 
functional parameters-, the structure of  the retained solution 
will not be impacted and the reaction time of  the modification 
will decrease with the direct impact on the Digital Mock-Up.  

In Figure 10 example, we can drive the functional 
parameter “Total Weight” in order to obtain a reconfiguration 
of  the impacted mechanical parts. In this case, the specific 
parameter “thickness” of  the airfoil is impacted if  we change 
the functional parameter “Total Weight”. 

 

 
Figure 10: Examples of  modification in the “Total 

Weight” functional parameter.  

With this system, we are now able to obtain a real 
range of  products. The other advantages of  our method are 
based on the use of  our ACSP PLM: 

• the collaborative and the multi-office aspects 
manage the check-in of  the functional 
specifications and the product architecture. It is 
now possible to distribute a part of  the Digital 
Mock-Up to each designer located in different 
offices worldwide, 

• the propagation of  the specific and functional 
parameters on the whole product using the 
internal functional analysis [NF X50-152, 1990] 
[NF X50-151, 1991] in order to identify each 
part which is impacted by the functional 
parameters and respectively, by the customer 
requirements. 

Using the customer requirements and the expert 
rules implemented by the experts into the PLM ACSP, the 
product architecture can drive the parameterized product 
structure directly. Owing to the automatic generation of  
scripts to build the Digital Mock-Up, our proposed 
methodology allows collaborative and productive engineering, 
in accordance with the customer needs and in conformity 

with the company expert knowledge. 

4.2 KF : GENERATION AND REUSE 

After the design of  the part, the designer checks in his 
model into the PLM ACSP. At this stage, his model is 
exploded in several different Kf stored into the knowledge 
database located in the PLM ACSP. Figure 11 shows you two 
Kf.  
 

 

 
Figure 11: Examples of  two generated Kf   

If  one of  the designers needs to find a solution with the 
same input requirements in the next development program, 
the PLM ACSP will show him each Kf after the outcome of  
the new architecture. With these Kf, he can see the previous 
development, analyse it with the different indicators such as 
cost, robustness, etc., and reuse it. 
 

5 CONCLUSION 

We have presented in this paper the foundation of  
our knowledge-based engineering and functional approach in 
order to reduce costs, lead time and also to improve product 
quality and value.  

This methodology is based on a specific CAD 
architecture in order to link the customer needs defined by  
the axiomatic design directly to the Digital Mock-Up. To 
perform this link, our matrix-based approach allows to define 
the impacted parameters when a functional requirement is 
modified. Successively, the first matrix defines the external 
analysis (R-Fu matrix), the second   one introduces the 
internal analysis (Fu-P matrix), the third one shows the 
specific parameters (R-Fu matrix) and the last one declares the 
parameters propagation (R-P matrix) into our specific CAD 
architecture. This architecture composed of  the product, sub-
assemblies and parts is now able to introduce the parameters 
in order to answer the technical sub-function and, allows to 
impact on the geometrical entities with the propagation 
(wireframe, shapes and solids). 

To use this approach, each actor of  the project uses 
our ACSP PLM in order to implement each requirement into 
our technical database. After the last human activity, our 
system generates the new CAD architecture automatically, 
including the propagation of  the parameters and the expert 
rules. The output of  this generation is a Visual Basic script 
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readable by the chosen CAD system. The CAD designer is 
now able to generate the new CAD model according the 
requirements. The output of  this generation is a Visual Basic 
script readable by the chosen CAD system. The CAD 
designer is now able to generate the new CAD model 
according the requirements and is reactive when a functional 
modification is engaged. In order to validate this approach, 
the experimental case describes in this paper external body of  
a racing car. This case bears out the interesting aspects of  our 
methodology and allows us to use it in a new industrial project 
in order to validate it in a realistic and complex environment. 

The next step of  our research will be more focused 
on the extraction of  the tacit knowledge [Kogut and Zander, 
1992] stored into each CAD model. The new Kf enables to 
extract it from the new CAD models, which are built with the 
good methodology.  Today, thousands of  kilobits of  CAD 
models in each industrial company are stored whereas they are 
not built with this methodology. And this kind of  data 
includes a lot of  tacit knowledge. In order to exploit these 
data, our next research will be focused on a methodology 
which will extract the Kf of  this CAD models using a data 
mining approach [Chen et al., 1996]. One of  the possibilities is 
to use the geometrical identification approach. 
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ABSTRACT 

Precise mathematical modeling of  biological systems may 
allow researchers to accurately estimate future states of  these 
biological systems. Biological systems are regarded as complex 
systems to which mathematical modeling and Operations 
Research (OR) tools can be applied. Also, a general roadmap 
is essential for a biology scientist to decide which part of  the 
system to focus on. In this study a recent review of  
computational biology and OR in biology literature is given. 
Modeling problems in biological sciences are classified and 
potential solution methodologies to these problems are 
addressed.  An axiomatic design of  a modeling procedure is 
provided.  

Keywords: Modeling in Biology, Operations Research, 
Axiomatic Design 

1 INTRODUCTION 

Life science studies such as bioinformatics and molecular 
biology comprise a lot of  cumbersome mathematical 
expressions. This is due to having produced a lot of  data as a 
result of  performing numerous experiments in the laboratory 
or using technological devices to understand what’s going on 
at the molecular level. With all the data generated, biologists 
usually rely on software packages to understand and/or solve 
the problems encountered in biology. Unfortunately, a limited 
number of  software packages are readily available for 
biologists, and those that are available have limited 
functionality [1]. Therefore, in many cases biologists may have 
to develop their own computer programs to solve the specific 
problem at hand. In most cases the custom-built computer 
programs will utilize mathematical programming and 
optimization tools. Thus, biologists will need to engage in 
fields like operations research and combinatorial optimization 
to be able to develop computer programs to tackle their 
problems. A typical problem for biologists who are eager to 
engage in optimization or mathematical modeling topics is 
picking the right mathematical method among numerous 
methods available that will help in solving their problem 
efficiently. Obviously, before they pick a method they first 
need to model their problem in mathematical terms. In other 
words, they need to translate their problem from biology to 
mathematics, and then look for the right solution method. 
Another issue between life sciences and mathematical 
disciplines is the difference the objectives they try to achieve. 

The following statement clearly shows that there are 
significant differences between what each disciple tries to 
achieve. “Difference between the usual combinatorial 
optimization problems and those which arise from scientific 
(as opposed to technological) contexts is that in science, the 
objective is to uncover the truth, rather than find a minimum 
cost solution to some objective function.” [1]. However, this 
does not mean that the two disciplines should not interact. 

 

In this study we provide a brief, up-to-date literature review 
on computational biology, bioinformatics, and molecular 
biology with a focus on mathematical modeling. The literature 
review provides an overview of  mathematical techniques and 
models used in life sciences. Life science disciplines are 
classified based on the articles reviewed. In each discipline, 
problems and sub-problems encountered as well as solution 
procedures to these problems are given. Following the 
classification an axiomatic design approach is presented that is 
expected to help bio-scientists interested in learning more 
about mathematical modeling. The proposed axiomatic design 
also offers insights about introductory or advanced problem 
statements in biology to researchers whose major interests are 
in operations research or similar fields. The classification and 
the axiomatic design will also be helpful, to some extent, for 
scientists who are already involved in interdisciplinary studies 
comprising biology and mathematics by representing other 
related biology fields using the same mathematical techniques. 
The remainder of  the paper is organized in four sections. In 
section 2 definitions of  life science fields, biological problems, 
and solution methods are provided. The definitions are 
limited to the papers that are used in the literature review to 
classify the problems.  In section 3, a brief  overview of  the 
operations research field and its relation to life sciences is 
given. Section 4 introduces the concept of  axiomatic design, 
why it is important, and how it can be used. Section 4 also 
represents the axiomatic design developed for modeling 
biological systems. Section 5 concludes the study and gives 
directions for future studies.  
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2  PROBLEMS IN LIFE SCIENCES 

There are many definitions about life sciences disciplines. 
Based on our review of  the literature, we identified 
bioinformatics, computational biology, molecular biology, 
systems biology, and biochemistry as the main disciplines 
under life sciences. The definitions of  these disciplines are as 
follows: 

 

• Bioinformatics: The field of  science in which 
biology, computer science, and information 
technology merge into a single discipline. There are 
three important sub-disciplines within 
bioinformatics: (1) the development of  new 
algorithms and statistics with which to assess 
relationships among members of  large data sets; (2) 
the analysis and interpretation of  various types of  
data including nucleotide and amino acid sequences, 
protein domains, and protein structures; and (3) the 
development and implementation of  tools that 
enable efficient access and management of  different 
types of  information [2]. 

 

• Computational Biology: The field of  science that 
“encompasses the use of  algorithmic tools to 
facilitate biological analyses” [2].  

 

• Molecular Biology: “The study of  the biochemistry 
of  cells, it is closely linked to cell biology, in 
particular the biochemistry of  DNA and cogeners.” 
“The branch of  biology that studies the structure 
and activity of  macro-molecules essential to life (and 
especially with their genetic role).” The study of  
biology at the molecular level, such as the chemical 
properties of  DNA” [3]. 

 

• Systems Biology: “A field that seeks to study the 
relationships and interactions between various parts 
of  a biological system (metabolic pathways, 
organelles, cells, and organisms) and to integrate this 
information to understand how biological systems 
function” [4]. 

 

• Biochemistry: “The study of  organic chemistry of  
compounds and processes occurring in organisms; 
the effort to understand biology within the context 
of  chemistry” [3]. 

 
Some problems can be classified in more than one sub-

discipline. For example the protein structure alignment 
problem can appear in both bioinformatics and molecular 
biology. For these kinds of  problems we chose only one sub-
discipline randomly to keep our axiomatic design as simple 
and general as possible. In the other words, if  a problem is 
assigned to a sub-discipline this problem is assumed to exist 
just in that discipline. In the following paragraphs we list some 
of  the problems that we classified under each of  the sub-
disciplines other than systems biology given above. 

 

Some bioinformatics problems that we have indentified 
are protein structure alignment, genetic regulatory 
interactions, biological activity, structural bioinformatics and 
protein-protein interaction. Protein structure alignment is one 
of  the most important problems encountered not only in 
bioinformatics but also in molecular biology. This problem is 
known to be NP-hard [5]. In [5] a new method for solving this 
problem is introduced in which the protein structure 
alignment problem is formulated as a mixed integer linear 
program (MIP). Mathematical modeling as well as 
computational study of  genetic regulatory interactions is a 
relatively new topic in bioinformatics. In [6] an approximation 
method is given to tackle the genetic regulatory interactions 
problem. The method computes steady-state probability 
distributions of  probabilistic Boolean networks. A transition 
probability matrix is constructed and a probability distribution 
is determined. Efficiency of  the proposed method is shown 
by numerical experiments based on a genetic network. In 
general only molecular structure is considered for biological 
activity whereas in [7] a Markov model is proposed 
considering both molecular structure and the specific 
biological system the drug affects. 

 
Computational biology problems are generally related to 

infection biology, genetic structure of  natural populations, 
genotype sequences, population variability, RNA secondary 
structure prediction, pairwise alignment, population genetics, 
structure prediction, and RNA folding prediction. In [8] a 
Bayesian network classifier is used to represent relations 
between random variables. A prediction about previously 
unseen data is made. Data is captured from infected mice. 
This study is related to ‘infection biology’. In [9] a Bayesian 
clustering approach is extended to understand the mating 
structure of  populations that is an important goal of  
population biology. In [10] probability-based parameter 
estimation methods are given for understanding the 
uncertainty and variability in biological models. Here these 
models are related to population variability. In [11] a web-
based computational tool called “taveRNA” is provided to 
identify the structure and functionality of  ncRNA molecules. 
In [12] the web server DIAL is described which is used for 
pairwise structural alignment of  RNA. 

 
Most of  the molecular biology problems are related to 

genome research, mapping, gene regulatory networks, nucleic 
acids, ancestral genome reconstruction, genome sequences, 
genomics, proteomics, genetic epidemiology. In [13] a system 
for discovering and viewing syntenic regions of  FPC maps, a 
topic in comparative genomics, is provided. In [14] an 
algorithm for pathway mapping across microbial genomes is 
presented. The algorithm deals with sequence similarity and 
genomic structure information where the problem is 
formulated as an integer program. In [15] a linear model of  
gene regulation is used to form an optimization model and a 
solution framework. In [16] the Gibbs Centroid Sampler 
software package is introduced. It is shown that centroid 
estimators yield efficient improvements to the prediction of  
RNA secondary structure and motif  finding. In [17] a new 
measure of  protein structural relationships (i.e. protein 
structural distance) is used. A structural alignment that uses 
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double dynamic programming is utilized as the calculation 
method. In [18] a pattern recognition algorithm for detecting 
patterns with different lengths from large data sets is given. In 
[19] a combinatorial optimization framework for motif  
finding is given.  

 
Biochemistry problems are typically related to 

bioterrorism [20] and artificial chemistry [21]. To tackle 
bioterrorism, differential equations are commonly used. For 
artificial chemistry problems, in general, cellular automata are 
used. 

3 OPERATIONS RESEARCH IN LIFE 

SCIENCES 

Operations Research (OR) is a field that is rooted to 
World War II. The British army was in need of  using scarce 
resources in the most efficient way. As the name indicates, OR 
emerged as a scientific field as a result of  searching for the 
best operations like assigning resources to 
people/places/machines, and finding optimum values that 
minimize cost or maximize profit.  With the technological 
availability and computational ability of  computers, OR 
philosophy became more precise in terms of  solvability of  
mathematical models.  OR tools are widely used in 
telecommunication networks, scheduling, vehicle routing, 
queuing, production planning, logistics applications, and 
financial problems. Recent OR applications are in healthcare 
and social topics. As described in Section 2, life sciences also 
benefit from OR tools such as integer programming, dynamic 
programming, and linear programming.   

4 AXIOMATIC DESIGN 

Axiomatic Design (AD) was introduced by Nam Pyo Suh 
in 1990 to address the need of  a general framework for any 
kind of  design work.  Application areas of  AD are systems, 
software design, materials, and material processing [22]. AD is 
based on two axioms: axiom of  independence and 
information axiom. According to the independence axiom, 
independence of  functional requirements should be 
maintained. Information axiom emphasizes minimizing the 
information content of  the design. Functional requirements 
(FRs) are defined to satisfy the needs. FRs are minimum set 
of  independent requirements to be satisfied by the design 
[22]. In case of  existence of  more than one FR, design 
solution must be such that each FR can be satisfied without 
affecting the other FRs. Design solution comes out with 
design parameters (DPs) to achieve a job that are the process 
variables (PVs). Consequently, a design can be in one of  three 
states: Uncoupled, coupled or decoupled design. A design 
matrix is constructed to understand the state of  a design.  

 
An AD framework consists of  four domains. These 

domains are customer, functional, physical, and process 
domains. The customer domain is mapped into a functional 
domain. The functional domain is mapped into a physical 
domain and the process goes on like this. FRs are in the 
functional domain, and DPs are in the physical domain. An 
AD study starts with identifying FRs. An FR is what we want 
to achieve where as a DP is how we want to achieve it. Each 
FR is satisfied by a corresponding DP. By the way, a DP may 

correspond to a further FR that makes the AD decoupled. If  
at least one DP corresponds to a previous FR then the AD is 
coupled. In case a FR is satisfied by just its corresponding DP, 
the AD is uncoupled. AD study is basically a mapping 
between each domain. These mappings are represented in a 
hierarchical decomposed zigzagging manner (see Figures 1 
and 2). After defining the mappings, relationships between 
FRs, DPs and PVs are clarified via a matrix representation. 
The designer decides how detailed the design should be and 
stops the decomposition process accordingly. In our study we 
used the independence axiom. This allowed us to develop a 
roadmap for life science studies. Thus, our main functional 
requirement is to define a life science study. FRs and the 
corresponding DPs we defined are as follows: 

 
FR0 = Define a life science study  
FR1 = Involve in bioinformatics 
FR2 = Involve in computational biology 
FR3 = Involve in molecular biology 
FR4 = Involve in systems biology 
FR5 = Involve in biochemistry  
 
We define a DP corresponding to each of  the above FRs. 

For example; DP0 corresponds to FR0, DP1 corresponds to 
FR1, and so on. DP0 is defined as “Study by fields.” The 
definitions of  DP1, DP4, and DP5 are given in Figure 1, and 
those of  DP2 and DP3 are given in Figure 2. Due to space 
limitations a complete picture of  the AD is not provided. 
However, Figures 1 and 2 show the pieces of  the AD we 
developed. Under DP0 we have FR1, FR2, FR3, FR4, and 
FR5. Also, as can be seen from Figure 1, DP1 has a number 
of  sub FRs (FR11, FR12, …, FR15) associated with it. Each 
of  these sub FRs also have a corresponding DP (e.g. DP11 
for FR11, DP22 for FR22, etc.).  

 
Note that expressing FRs in ‘verb’ form and DPs in 

‘noun’ form is the standard convention. Following DPs and 
corresponding FRs are shown in figure 1 and figure 2 (See 
Appendix) 
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Figure 1. Decomposition of  DPs and FRs 

 
Having constructed the above decomposition figures, we can 
easily represent the relationship between FRs and DPs via 
design matrixes. Design matrixes for FRs are as follows: 

 

 

Diagonal ‘X’s imply that each DP corresponds to only one 
FR. Such a design is known to be an uncoupled one. However 
we need to form all design matrixes to be able to make a 
comment about the category the overall design belongs to (i.e. 
the design may in fact be coupled or decoupled).  

 

 

We can notice from the above design matrixes that our design 
is actually decoupled. We assume that further DPs are not 
used in previous FRs. For example, DP29 ‘Dynamic 

Programming’ is assumed to be different than DP24 
‘Dynamic Programming’ because our design shows the 
relation between problems and solution methods rather than 
sequence of operations. 

5 CONCLUSION 

In this study we used an axiomatic design to provide a 
road map for a scientist to be able to involve in a life science 
study that requires mathematical modeling. Our design is 
decoupled which in a way implies that a scientist who is able 
to use a specific mathematical or OR tool can involve in 
another life science study using the same tool. This is a 
practical output of  the AD. In future studies, the information 
axiom of  AD can be considered for a life science study. A 
more detailed design for subfields can also be developed.   

6 REFERENCES 

[1]  Warnow T., 1993, “Combinatorial Optimization in 
Biology” IEEE Engineering in Medicine and Biology 

[2]  http://www.epa.gov/NCCT/glossary.html , National 
Center for Computational Toxicology (NCCT) glossary, 
accessed on 12-13-2007 at 7:56 pm 

[3] http://www.biology-
online.org/dictionary/Branches_of_biology , accessed on 
12-13-2007 at 8:00 pm 

[4] http://publications.nigms.nih.gov/thenewgenetics/glossa
ry.html , National Institute of General Medical Sciences 
Glossary, accessed in 12-13-2007 8:04 pm 

[5] Chen L., Zhou T., Tang Y., 2005, “Protein structure 
alignment by deterministic annealing” Bioinformatics, 
Vol. 21 no. 1, pages 51–62 

[6] Ching W., Zhang S., K. M., Akutsu T., 2007, “An 
approximation method for solving the steady-state 
probability distribution of probabilistic Boolean 
networks” Bioinformatics Vol. 23 no. 12 pages 1511–
1518 

[7] Monteagudoa M. C., Gonz´alez-D´ıaza H., Uriartea E., 
2006, “Simple Stochastic Fingerprints Towards 
Mathematical Modeling in Biology and Medicine 2. 
Unifying Markov Model for Drugs Side Effects” Bulletin 
of Mathematical Biology 68: 1527–1554 

[8] Gilfeather F., Hamine V., Helman P., et. al., 2007,  
“Learning and modeling biosignatures from tissue 



An Axiomatic Design for Modeling Biological Systems 
The Fifth International Conference on Axiomatic Design 

Campus de Caparica – March 25-27, 2009 
 

Copyright © 2009 by ICAD2009  41 

images” Computers in Biology and Medicine 37, 1539 – 
1552 

[9] Gao H., Williamson S. Bustamante C. D., 2007, “A 
Markov Chain Monte Carlo Approach for Joint Inference 
of Population Structure and Inbreeding Rates From 
Multilocus Genotype Data” Genetics 176: 1635–1651 

[10] Banks H.T., Potte L. K., 2002, “Probabilistic methods for 
addressing uncertainty and variability in biological 
models: Application to a toxicokinetic model” 
Mathematical Biosciences 

[11] Aksay C., Salari R., Karakoc E., et. al., 2007, “taveRNA: a 
web suite for RNA algorithms and applications” Nucleic 
Acids Research, Vol. 35 

[12] Ferre F., Ponty Y., Lorenz W. A., Clote P., 2007,  “DIAL: 
a web server for the pairwise alignment of two RNA 
three-dimensional structures using nucleotide, dihedral 
angle and base-pairing similarities” Nucleic Acids 
Research, Vol. 35 

[13] Soderlund C., Nelson W., Shoemaker A., Paterson A., 
2006  “SyMAP: A system for discovering and viewing 
syntenic regions of FPC maps” Genome Research, 
16:1159–1168  

[14] Mao F., Su Z., Olman V., et. al., 2006, “Mapping of 
orthologous genes in the context of biological pathways: 
An application of integer programming” PNAS, vol. 103, 
no. 1, 129–134 

[15] Dasika M. S., Gupta A., Maranas C. D., VARNER J. D., 
2004, “A Mixed Integer Linear Programming (MILP) 

Framework for Inferring Time Delay in Gene Regulatory 
Networks” PSB proceedings 

[16] Thompson W. A., Newberg L. A., Conlan S., 2007, “The 
Gibbs Centroid Sampler” Nucleic Acids Research, Vol. 
35 

[17] Yang A., Honig B., 2000, “An Integrated Approach to 
the Analysis and Modeling of Protein Sequences and 
Structures. I. Protein Structural Alignment and a 
Quantitative Measure for Protein Structural Distance” J. 
Mol. Biol. 301, 665-678 

[18] Feng J., Q. D., Cooper N. and B., “Probability-based 
pattern recognition and statistical framework for 
randomization: modeling tandem mass spectrum/peptide 
sequence false match frequencies” Bioinformatics, Vol. 
23 no. 17 2007, pages 2210–2217 

[19] Zaslavsky E., Singh M., 2006, “A combinatorial 
optimization approach for diverse motif finding 
Applications” Algorithms for Molecular Biology, 1:13 

[20] Banks H.T., Bortz D., Pinter G., Potter L., 2003 
“Modeling and Imaging Techniques with Potential for 
Application in Bioterrorism” Bioterrorism: Mathematical 
Modeling Applications in Homeland Security 

[21] Hutton T. J., 2007, “Evolvable Self-Reproducing Cells in 
a Two-Dimensional Artificial Chemistry” Artificial Life 
13: 11–30 

[22] Suh, N. P. (2001). Axiomatic design: Advances and 
applications. New York: Oxford University Press 

 

APPENDIX 

 
 

Figure 2. Decomposition of  DP2 and DP3 
 



 
 
 
 

This page is intentionally left blank 



Proceedings of ICAD2009 
The Fifth International Conference on Axiomatic Design 

Campus de Caparica – March 25-27, 2009 

ICAD-2009-06 
 

 

  Copyright © 2009 by ICAD2009 

ABSTRACT 

In competitive environment of  quick market changes, 
developing an interoperable manufacturing system is a 
necessity. To realize interoperability, the exchange of  part and 
product data must be independent of  their platforms. There 
are two basic approaches for this purpose: i) Utilizing 
interface and ii) Utilizing neutral formats. STEP (Standard for 
the Exchange of  Product data) plays a significant role as a 
neutral data model to integrate design and manufacturing and 
other activities in an enterprise. To implement a universal 
manufacturing platform, a systematic roadmap is required. 
The current paper proposes such a roadmap using the 
methodology of  axiomatic design (AD).   

 

Keywords: STEP-NC, Interoperability, Axiomatic Design, 
Universal Platform 

  

1 INTRODUCTION 

An economical firm needs to be quickly responsive and 
flexible to survive in today’s competitive markets. For this 
purpose, the information related to the activities such as 
design, manufacturing, production etc. pertaining to the parts 
and products must be easily and rapidly exchangeable among 
the different computer systems. This exchange may also 
happen between the vendors providing different applications 
and protocols. In such a huge data transformation, 
information losses and misinterpretations between the 
departments and facilities would be unavoidable [Xu, 2005]. 
The solution to tackle this problem has been nicely introduced 
since a decade ago. Product data may be exchanged by 
employing STEP international standard, introduced in 1994 
(ISO 10303). It stands for the Standard for Exchange of  
Product model. Using EXPRESS, a neutral and universal 
language, all the information generated in a product life cycle 
could be represented, maintained and easily manipulated to 
support the integration [Procter & Kramer, 1998], [Suh at al., 
2003]. For example in the environment of  Computer-aided 
design, manufacturing and process planning 
(CAD/CAM/CAPP), representation of  part features may not 
be identical and different post-processors may be required to 
convert their information to be compatible for the variety of  
machine tools. Avoiding post-processing, STEP-NC as an 

extension of  STEP standard is able to provide a uniform data 
model and entail an accurately exchangeable format [Xu & 
Newman, 2006].  

Considering manufacturing resources and environments, 
Newman and Nassehi has recently proposed an architecture 
for a platform which realizes the interoperability [Newman & 
Nassehi, 2007]. They name it “Universal Manufacturing 
Platform” (UMP). Although introduction to this platform is a 
big step toward the integration, it still need to be developed to 
encompass the entire production activities in a practical point 
of  view. In each module, application and device layers also 
need to be separately postulated. In the current research, we 
first describe the need for data integration in manufacturing 
environment. Secondly, UMP and its impediments as a 
solution for the entire production echelon would be 
described. Then, we use one of  the systematic design 
methodologies, so called Axiomatic Design to generate a 
roadmap for implementing the revised UMP. The proposed 
UMP includes all the production echelons such as 
manufacturing, manufacturing supports systems, production 
control. The main focus in this work is on the first echelon 
which deals with CAD/CAM/CAPP/CNC modules. STEP 
standard along with its extension protocols will be utilized to 
generate the roadmap. 

1.1 NEED FOR INTEGRATION IN MANUFACTURING 

ENVIRONMENT 

The product life cycle includes all the activities required 
to deliver the product to the market. This life cycle includes 
design, manufacturing, inspection, maintenance and disposal. 
The information generated about a product during these 
processes is used for many purposes. The enterprise 
integration approach originates from the need to control and 
integrate different functions in an enterprise [Gao et al, 2003]. 
The aim of  enterprise integration is to standardize the way to 
designate its diverse aspects, for example the life-cycle phases 
and different views of  the enterprise [Vernadat, 1996]. On the 
other hand, each of  the aforementioned activities in product 
life cycle may be accomplished in a different enterprise 
throughout the product supply chain [Giachett, 2004], [Jardim, 
2006]. Therefore, the exchange of  information must be 
facilitated so that each party in the chain would be able to 
seamlessly communicate with its corresponding parties [White 
et al., 2005]. Figure 1 shows how data exchange may be 
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performed between different manufacturing modules in the 
product supply chain.  

 

 
 
 Figure1 Data communication in different 

 modules from the different enterprises 
 
Each manufacturing enterprise may consist of  a mixture 

of  diverse echelons such as marketing, production, finance 
etc. In production echelon, there are three main levels 
including Manufacturing, Manufacturing supports and 
Production control each of  which can be classified into some 
modules (Figure 2). Since, in the current research the main 
focus is on the first level of  production echelon, data 
exchange in its consisting modules, CAD/CAM/CAPP/CNC, 
is described in the following section. 

  

 
 Figure2. Production echelon and its levels 
 

1.2 DATA EXCHANGE IN CAX CHAIN 

 
Manufacturing is one of  the significant modules in the 

production echelon of  a product life cycle. CAx chain 
(CAD/CAM/CAPP/CNC), associate with the part design, 
process planning and manufacturing tasks. Data integration 
among heterogeneous CAx systems has been widely 
researched [Fuh et al., 1996], [Patil & Pande, 2002], [Xu al., 
2005 ], [Alvares et al, 2008]. However, it has been universally 
accepted that using CAD data model cannot meet the 
requirements to realize the CAD/CAM integration [Sharma & 
Gao]. For instance, although machining features are the most 
appropriate representations of  part information [Mantyla et 
al. 1995], when two different vendors provide CAD and 
CAM, features data and parameters cannot be shared because 
they utilize different standards. On the other hand, CAD and 
CAM modules from the same vendors may have confliction 
since design features are not the same as necessarily 
manufacturing features [Miao et al., 2002]. One approach to 
overcome such shortcoming is to utilize a neutral format to 
exchange the product data [Owen & Bloor 1987], [Qiao et al. 
1993], [Bhandarkar & Nagi, 2000], [Oakham, 2003]. Some of  

these formats includes STEP, IGES, PARASOLID, STL, SET 
and VDA, ACIS, Pro/E [Zhanga, ], [Li & Kota, 2001]. 
Among all the neutral formats, STEP standard and its 
protocols found much more attention by the researchers and 
practitioners [Bhandarkar et al., 2000]. Unlike the other 
formats, STEP is able to specify the entire product data 
throughout the lifecycle, independent of  any particular device 
or application [Xu & He, 2004]. To exchange CAx data 
including features information, design, process planning and 
manufacturing, STEP has been addressed by many authors. 
To extract the information of  features, STEP data model has 
been employed [Bhandarkar & Nagi, 2000], [Dereli & Filiz, 
2002], [Lau et al., 2005], [Holland et al, 2002]. In Computer-
aided design, AP203 provide all the information to represent 
the part design specifications [Liu Zhang & Newman, 2006]. 
In developing a STEP-based process plan, AP 224 which 
encompasses mechanical features definitions, has been used 
[Sharma & Gao, 2003], [Amaitik & Kilic, 2005 ], [Qiao et al., 
1993]. In other activities like inspection and process control, 
STEP has also found some applications [Ali & Newman, 
2005], [Brecher & Vitr, 2006]. The majority of  these 
researches consider prismatic features and components and 
reasonably deals with milling operations. However, in turning 
processes and rotational parts, STEP standard has been 
utilized [Rosso, Newman, Rahimifard, 2004]. STEP AP 238 
and ISO 14649, recognized informally as STEP-NC has been 
extensively taken into consideration by researchers in order to 
integrate data in CAD/CAM/CNC environment [Hardwick & 
Loffredo, 2006], [Wang et al., 2005], [LEE,  BANG, 2006], 
[Xu et al, 2006]. It provides a detailed and structured data 
model associating with feature-based programming and 
consist the required information for tools definition, 
machining technology and operations sequence [Xu & 
Newman, 2006]. Currently, STEP-NC does not generate tool 
path and this task is to be done by intelligent controllers (ISO 
14649). Nonetheless, several attempts have been made to use 
STEP data to generate tool trajectory information for CNC 
machine [Suh et al., 2003]. In the following, the universal 
manufacturing platform proposed by Newman and Nassehi is 
discussed (Figure 3).  

A platform generally consist of  a software and hardware 
standard that supports a variety of  applications by enabling 
them to exchange information through a communication 
system without knowing the particulars of  the destination 
application. In such platform, information system must be so 
that manufacturing resources and activities are easily 
communicated with each other [Iwata, 1997]. Therefore, 
standardization in data transferring is unavoidable 
[Zimmerman et al, 2002].  
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Figure3. Universal platform proposed by Newman and 

Nassehi 

2 DATA EXCHANGE IN APPLICATION 

AND DEVICE LAYERS 

 
In production echelon, at each level, two technical layers 
might be considered: application and device. Generally 
speaking, application and device layers deal with software and 
hardware for each of  CAD/CAM/CAPP, etc. To realize the 
interoperability two approaches can be considered: (i) data 
interface and (ii) data exchange. In the former approach, an 
interface is designed and implemented to convert the input 
data from the source application/device into the desired 
format for the target application/format. Referring to Figure 
1, when two CAD modules (e.g. from different enterprise) 
communicate their design specifications related to an identical 
part and they use different software application, data exchange 
would become an intriguing issue. To resolve this problem, 
two general solutions may be considered: (i) using an interface 
between two softwares so that each of  them can read and 
write from and to it and (ii) using a neutral format plug-in to 
the softwares at both sides to easily exchange the part or 
product data. On the other side, depending on the kind of  
data communication (especially in e-manufacturing), a CAM 
file may be directly submit from a computer postprocessor to 
a CNC machine in the other enterprise. Likewise, both sides 
should have capability of  read and manipulate data in a 
bidirectional data flow. However, most of  the time, the 
postprocessor may be designed from a different company of  
that of  the machine controller. For this purpose, the proposed 
approaches are: (i) using a soft/hard interface compatible with 
both device and application and (ii) using an intelligent 
controller in device side and a neutral format in application 
side. These approaches are depicted in Figure 6 and 7. 
Using a device/device and device/application interface has 
been successfully experience by some of  the Japanese 
companies like Denso, Toyota, Mitsubishi, etc. The solution 
was a software development kit called “ORiN2”. It provides 
two standardized software interfaces, Application Interface 
and Device Interface. It also can be extended by the add-in 
modules such as an application gateway and a provider. The 
main purpose to employ such an interface was to provide a 
unified access from a PC to a lot of  devices such as an 
industrial robot and a PLC. (Figure 4) 
 

 

 
 

Figure4. ORiN general architecture 

In the architecture proposed by Newman and Nasssehi, as 
shown in Figure 3, CAD/CAM systems exchange information 
using their interfaces such as CAD Application or CAM 
application interfaces.  

 
Figure5. Application interface in UMP architecture 

In the proposed platform by Newman and Nassehi different 
interfaces have been postulated in order to make 
interoperability between the modules. Consequently, Figure 6, 
7 display schematics of  different possible communications 
between device controllers and application programs. Data 
communication between two programs could be possible 
using whether a neutral data format or an interface program. 
This become practical when for example a CAD software is 
able to export the design file into STEP file and the other 
program (e.g. CAM software) import it as a STEP file. 
Otherwise an interface must interfere to read and write both 
specific formats from the two softwares. Such an interface is 
shown in this figure5, as Application/Application interface. 
Two different device (like a CNC and Robot) can 
communicate in the same ways. However to use an 
autonomous format like STEP, their controllers are better to 
be fully compliant with STEP standard.  
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Figure6. Solutions A for interoperable data 

communication 
 

 
Figure7. Solutions B for interoperable data 

communication 
 
In production echelon, these kinds of  communications 
between device controllers and application programs are 
frequently happened. Alongside of  numerous advantages of  
developing a universal platform to realize interoperability 
among device and applications, one of  the most challenging 
issues is intelligent controllers. Original equipment 
manufacturers can reduce the time they spend preparing data 
for their suppliers by as much as 75 percent if  they can 
seamlessly share the design and manufacturing data in their 
databases [Mark Albert, 2002]. Nonetheless, for instance, 
CNC manufacturers need to be fully convinced with the 
reliability and perfectness of  STEP in order to put the G-
Code away. On the other hand, several leading CAM software 
companies have made it possible for STEP-NC files to be 
used with their own software. This makes their users ready to 
participate in supply chains that are turning to global data 

exchange standards to streamline the flow of  digital 
information over the Internet. In the following section, 
Axiomatic design as the proposed methodology for 
developing a roadmap for universal platform will be 
explained.  
 

 3. AXIOMATIC DESIGN THEORY 
 
In the late 1970s, based on his manufacturing experience, 
Nam P. Suh [2001] began the development and introduction 
of  what is now so called, the axiomatic design (AD) approach. 
His main target was to establish solid and scientific 
fundamentals for product design and manufacturing. In AD, 
to establish a design problem, at the first stage, to satisfy the 
perceived needs, the design goals must be set. At later stage, 
the designs for the defined requirements are provided among 
which, the best design is chosen. [Suh, 1990]. These activities 
occur between and in different design domains such as 
customer, functional and design [Kim and Suh 1991]. The 
customer domain is where customer needs (CNs) reside. 
These needs must be mapped into the functional domain 
where in they are translated into a set of  functional 
requirements (FRs). In design domain, design parameters 
(DPs) are selected to control/satisfy the FRs. Decomposition 
in each domain cannot be performed autonomously of  the 
developing hierarchies in the other domains and 
decomposition follows a zigzag pattern between adjacent 
domains [Albano & Suh, 1994]. The relationship between FR 
and DP domain along with the design matrix to represent 
how a DP can satisfy an FR is illustrated in Figure 8. 
 

 
Figure8. FRs and DPs in Axiomatic design theory  

 
In AD, the FRs must be independent and the best design is 
the one with the minimum content of  information. These 
axioms are recognized as Independence Axiom Information 
Axiom, respectively [Suh 1990]. Along with these two axioms, 
eight corollaries, 26 general theorems, and 14 specific 
theorems have been developed to guide and evaluate the 
design problems [Thielman & Ge, 2006].  
 

4 AD IN DESIGN PROBLEMS 
 
Axiomatic design is quite excellent in that, multiple functional 
requirements can be methodically handled, whereas most 
design methodologies can handle only one functional 
requirement [Park 2006]. During the recent decade, this 
methodology has been used in three domains of  (i) design for 
manufacturing, (ii) manufacturing processes, and (iii) 
manufacturing systems [Shirwaiker & Okudan, 2008], [Kulak 
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et al, 2005]. However, to deal with real problems, product and 
enterprise requirements have been separately considered [Yien 
1998], [Almstrom 2000]. But it is not very well understood 
how the theory can be applied to implement a roadmap for 
production systems. Vallhagen [1994] has criticised Suh’s 
original theory, claiming that the direct mapping (one to one 
relationship) is insufficient when designing a manufacturing 
system. [Vallhagen 1996a]. 
Yien and Tseng [1996] and Cochran [1994] dealt with 
manufacturing systems design problem in terms of  AD, by 
defining their own domains. In a practical point of  view, 
managers as well as engineers are inclined to focus on the 
solutions before the requirements are fully stated and realized 
[Almstrom 2005]. An analogy among different design 
problems including system design which is similar to roadmap 
design has been explanid by Gebala and Suh [1992]. Although, 
this methodology is very useful to tackle the real design 
problems, explicit ontology definition and implementation of  
axioms measures are yet to be well thought-out by 
practitioners [Ge 2001]. 
 

5 IMPLEMENTATION OF THE UMP WITH AD 

 
Based on what explained in section 2 about the specifications 
of  a universal manufacturing platform for data integration, 
the functional requirements for implementing such a platform 
are defined. Then, DPs to satisfy these FRs will be provided 
and in order to represent the relationship between these two 
domains, design matrices are determined. In the axiomatic 
methodology terms, the top level is the main goal of  the 

problem and labeled as 0FR . At this level, to achieve the goal 

of  an integrated manufacturing platform 0FR is defined as 

follows: 

0FR : Efficient communication throughout the enterprise 

production echelon 
To meet this requirement, the first level in the design domain, 
is considered as follows: 

0DP
: Implementation of  the universal manufacturing 

platform, UMP Production echelon encompasses three 

different levels (Figure 2). Therefore, 0FR is classified into 3 

levels as follows: 

1FR : Product data integration in manufacturing level 

2FR : Product data integration in manufacturing supports 

level 

3FR : Product data integration in production control level 

To satisfy these FRs, decomposition of  0DP results into the 

following DPs: 

1DP
: Implementation an integrated platform in CAx chain 

2DP
: Implementation an integrated platform in Assembly 

and Automation  

3DP
: Implementation an integrated platform in production 

applications 

As mentioned in section 2.1, in each level of  the production 
echelon, one or two technological layers may be considered. 
In manufacturing and manufacturing supports levels, both 
application and device layers must be covered by the proposed 
platform while in production control level, product data 
exchange in application layer is dealt with. Consequently, the 
set of  subsequent FRs along with their corresponding DP’s 
are as follow: 

11FR : Integration in Application to Application 11DP
: 

Utilizing the direct data exchange 

12FR : Integration in Device to Application 12DP : Utilizing 

the convertor interface  

13FR
: Integration in Device to Device  

 13DP
: Utilizing the intelligent controllers 

21FR
: Integration in Application to Application

 21DP
: Utilizing the direct data exchange 

22FR
: Integration in Device to Application 

 22DP
: Utilizing the convertor interface 

23FR
: Integration in Device to Device 

 23DP
: Utilizing the intelligent controllers 

31FR : Integration in Application to Application

 31DP : Utilizing the direct data exchange 

  As previously discussed, in this paper we mainly deal with 
the integrated platform in manufacturing level and since the 
other two levels follow the same solution, they would be 
ignored for further analysis. Design parameters for 

ij
FR ( 1>i ) are the same as DP’s for 

ij
FR  ( 1=i ). Hence, 

hereafter, manufacturing level including all the activities in 
CAx chain will be investigated. Figure 9 demonstrates how 

FR’s (for 3,2,1,1 == ji ) are dependent on their 

corresponding 
DP’s..

 
Figure9. Relationship between FR and DP domains, a 

coupled design 
 

To mathematically represent the relationship between FR’s 
and DP’s, design matrices (DM’s) are as follows: 
 

FR11 
Integration in 
Application to 

Application 

FR12 
Integration in 

Device to 
Application 

FR13 
Integration in 

Device to Device 
 

DP11 
Utilizing the direct  

data exchange 
 

DP12 
Utilizing the convertor 

interface 
 

DP13 
Utilizing the 
intelligent 
controllers 
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In order to satisfy the independence axiom, the design matrix 
must be decoupled or uncoupled. Coupled designs cannot be 
accepted since they violate the first axiom in the methodology 

(Suh, 2001). Therefore, considering the diagonal matrix of A , 

the set of  3,2,1=i
FR  are fully independent and the first axiom 

has been fulfilled or the design is uncoupled. At the next 

stage, as shown by matrix of B , it is observed that this design 
is coupled because the matrix is not triangular. Since based on 
axiomatic design, coupled designs are undesirable; matrix 

B must be converted to a decoupled one. The matrix would 

become a triangular one in two different ways: setting 32B =0 

and obtaining an upper triangular matrix or setting  

02312 == BB  and obtaining a lower triangular matrix. In 

fact, eliminating 32B means in integration of  device to device, 

utilizing a convertor interface is not allowed 

( =!! 1213 / DPFR 0). In the other way, applications cannot 

use convertor interface to communicate ( =!! 1211 / DPFR 0) 

and integrating the applications with device would not be 

applicable ( 1312 / DPFR !! =0). To decouple this design, 

following the first way seems to be more reasonable since less 
change would be applied. Therefore, the new set of  equations 
of  FR’s is as follows: 

13131212111111 *** DPBDPBDPBFR ++=
  

1323122212 ** DPBDPBFR +=
 

133313 * DPBFR =
 

This means by satisfying 13FR , 12FR and 11FR , respectively, 

the independence axiom become fulfilled and the uncoupled 
design is changed to a decoupled one. The new FR-DP 
relationships are illustrated in Figure 10. 
 

 

Figure10. Relationship between FR and DP domains, a 
decoupled design 

 
In device side (e.g. CNC) applications may not be able to read 
and write through an interface due to the kind of  used 
computers. Most of  the devices work in dusty and noisy 
environment of  shop floors and this is restriction in using a 
real computer as their controllers [Blecha & Bradac, 2003]. 
They may need their own controllers design specifically for 
their individual applications and resistant to some 
inconvenient conditions. These new controllers must be 
intelligent enough to operate independent of  any interface. 
Using STEP-NC neutral format, some CNC controllers have 
been developed for very simple part geometries [Lee & Bang, 
2006], [Xu & Newman, 2006], [Suh & Cheon, 2002].   

 

6 DISCUSSION AND CONCLUSIONS 

 
In this paper, using the methodology of  axiomatic design, a 
roadmap to implement the integrated manufacturing platform 
was introduced. Referring to the decoupled design shown in 
Figure 10, two application programs are able to seamlessly 
communicate when they utilize a convertor interface or the 
direct data exchange. Interoperability in device to application 
is also realized by employing a convertor interface or an 
intelligent controller. The only requirement which is fulfilled 
by one design parameters is integrating the two device layers. 
As discussed in section 1, 2, the acceptable neutral format to 
be used as a direct data exchange is STEP and its relevant 
application protocols. On the other hand, STEP-based CNC 
controllers and STEP-based Robots are to be introduced in 
near future to realize the use of  intelligent and format 
independent controllers in device side. However, since this 
dream needs more economic and technical justifications, 
convertor interfaces seems to be an appropriate solution for 
the time being. The design specification of  a machining part 
may be restored as a neutral format (e.g. STEP 10303-203) 
and sent to the CAM software in which, STEP-NC file or 
STEP 10303-238 is produced. The outcome will be 
transferred to an A/D interface which converts the AP238 
part 21 file into a G-Code file readable by the CNC machine. 
CNC may communicate its loaded AP238 file with a robot to 
handle the part. This could happen by utilizing a D/D 
interface or two intelligent controllers in CNC and robot 
sides. While developing comprehensive and integrative 
convertor interfaces like ORiN2 is still followed by researchers 
and parishioners, fully STEP-based communication will 
become more efficient in the future. This is due to its 
simplicity and integrity along with the huge cost and time for 
developing new different interfaces. As mentioned before, the 
main challenge is still investing on the new controllers for the 
variety of  devices and equipments such as Robots, Conveyors, 
PLC’s etc. In AD theory, based on the second axiom, the 
most satisfactory design is the one having the minimum 
content of  information. Foe example, whether or not a shop 
floor invest on new interfaces or new STEP-in STEP-out 
softwares, these two solutions might be evaluated in terms of  
the information they require to be implemented. Such an 
evaluation is beyond the scope of  this article and could be 
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Application 
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considered by future researches. However, the universal 
platform boundried may go further to include the entire of  
the organizations.  
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ABSTRACT 

The designer’s mind process of  the engineering failures 
was analyzed from the Axiomatic Design perspective using 
the failure databases of Japanese industries. Besides the simple 
failures like careless operator’s mistakes, we also found a lot of 
the coupled and complex failures like computer system down 
due to excess internet purchasing accesses. The notice of  the 
troubles is beyond the designer’s assumptions in planning. 
The simple failures are decreasing because Japanese industries 
become so mature that the job procedures are perfectly set up. 
But the complex failures are emerging because the systems 
become complicated nowadays. As a countermeasure, making 
a module with some coupled FRs is inexpensive and effective, 
visualizing and decoupling the failed design. 

Keywords: Failure analysis, Axiomatic Design, Complex. 

 

1  INTRODUCTION 

So far, Japanese industries have been making much 
effort to reduce the so-called “human errors” in operation, 
maintenance or production. They become now so mature that 
they have already set up the perfect job procedure for all 
processes. They have also invested the conventional safety 
actions like a mental training or a double checking.  They can 
reduce the failures, but still make some fatal accidents. 

The authors have analyzed several databases of failures 
of Japanese industries such as software programming or 
hardware production [1]. Through the analysis, we found that 
the failures have quite another scenario of the designer’s mind 
process. Besides the simple and human-error-like failures such 
as careless operator’s mistakes, we found a lot of the 
complicated technical failures like computer system down due 
to excess internet purchasing accesses. The accident happened 
under many kinds of desires of millions of the customers; no 
engineer could predict the unexpected concentration of the 
customer’s usage. The complicated technical failures are too 
complex to easily find the coupled interference between 
functional requirement (FR) and design parameter (DP). The 
notice of the coupled FR/DP is beyond the designer’s 
assumptions in planning. They are increasing rapidly 
nowadays, looking as if  they are suddenly emerging. 

From the Axiomatic Design perspective, these 
complicated technical failures mean the coupled and complex 
designs [3]. The complex design is the real complex design 
with a great many coupled FRs. But we need a quantitative 
analysis; we should know how many FR is in this failed 
complex design, or how many percentages of  the coupled and 
complex design is in the entire numbers of failures. 

The paper introduces the coupled and complex design 
for failure analysis, and proposes some countermeasures for 
prevention of the failures. 

 

2  THE DESIGNER’S MIND PROCESS OF 

ENGINEERING FAILURES FROM 

AXIMOTIC DESIGN PERSPECTIVE 

From the Axiomatic Design perspective, we categorized 
the designer’s mind process of  the engineering failures as 
shown in Figure 1. Also we introduce an example of each sub-
process from the failure data of  a large-size company that 
manufactures computer systems as shown in Table 1. 

2.1  Uncoupled but unrealized designs 

This category in Figure 1 (1) includes the aforementioned 
simple and human-error-like failures such as careless 
operator’s mistakes. For example, the engineer designed a safe 
device, but the operator ignored the safe process. Figure 1 (1) 
translated the failures into Axiomatic Design representation; 
originally, the design equation was uncoupled, but later, one 
FR was not realized. The diagonal component of  the design 
matrix turns from X (affected) to 0 (non-affected). Table 1 
shows this category has a 41% ratio of  the entire 284 failure 
data.  

This scenario has three sub-scenarios. The sub-scenario 
of  (1a) includes the so-called human errors like a maintenance 
trouble illustrated in Table 1. The sub-scenario of  (1b) and 
(1c) contains a business plan problem [3]. The (1b) is a sales 
problem. The planner expected that the product would be 
sold well, but the customer was not sympathized at it: the FR 
was not realized. The (1c) is a time-dependent trouble. For 
example, such a long development time lost the business 
chance. The FR is a function of  time; the diagonal component 
turns to 0 from long delays after plan or design. 
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Figure 1. Three typical scenarios of the mind process
                of designs that led to engineering failures.

Table 1. Examples of the typical failure scenarios in the company that manufactures the computer system

Scenarios Sub-scenarios Examples of the failures

(1a) Ignored the safe
process shown in
manuals or rules

(1b) Not sympathized
by customers with
new plans

(1c) Lost requirements
from long delays
after design

(2a) Interfered with
unnoticed
requirement

(3a) Too complicated
beyond human
understanding

(3b) Too vague to
define customers
requirements

(2b) Interfered due
to communication
errors

15%

14%

13%

17%

11%

15%

16%

(1) Uncoupled
     but unrealized
     designs

(2) Coupled but
     over-simplified
     designs

(3) Coupled and
     complex
     designs

0   0
0  X

X      X
   X
      X
         X
   X

...

X  0  0
0  X  0
X  0  X

The maintenance technician installed the server of a telecommunication
company; he wired the power line from a table tap temporally. The
connecter at the tap was pull off; the system was suddenly shut down.

A new groupware system with multimedia devices was on sale. The
customer was interested in it at first as designed, but didn’ t decide to buy
it due to its expensive price.

The CPU of a new note-type computer, not only ran the programs, but
also controlled the buttery charging. When the CPU was jammed, the
battery charging became too slow.

The engineers had been developing a high-speed system  of ISDN for two
years. But the system had an unexpectedly short lifetime because a next
broadband network replaced the conventional ISDN.

The technician of a subsidiary maintenance company locally changed the
program without any shut down processes, breaking the original main
program. He should ask the engineer about the the procedure in advance.

A Japanese resin maker made a new “ecological” material with inorganic
phosphorus. An American company used it for covering the LSI of an
HDD fabricated by in a Korean company. The HDD company using the
LSI had a copper migration trouble due to the phosphorus at half year later.

The system company hurriedly received a 10 M$ order with a top-sale.
Later, the engineers negotiated the FRs with the customer; but the
customer required a new FR gradually and endlessly; eventually, the loss
increased to 100 M$.

28%

41%

31%
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2.2  Coupled but over-simplified designs 

This category in Figure 1 (2) is the coupled, but not 
complex design. The designer couldn’t notice the additional 
FR; he originally over-simplified the design. Later, he found 
that a coupled FR is existed. This has 28%. 

For example, the ultra large scale integration chip looked 
a complex design. But the scenario of this failure was simple; 
e.g. a re-crystallization trouble of the aluminum wire line at 
unexpected high operation temperature; namely, the wire line 
and the operation temperature were coupled. The numbers of 
the focused FR/DP were only two, but the engineer could not 
notice the FR of cooling. 

The sub-scenario of (2a) has a coupled technological 
relation on the additional FR. We found many failures of  this 
sub-scenario of  (2a) in hardware production. The (2b) has a 
coupled non-technological one, especially due to 
communication errors. We found many failures in 
maintenance operation. The miscommunication turns to X in 
the non-diagonal component. 

2.3  Coupled and complex designs 

This category in Figure 1 (3) is the coupled and complex 
designs, having 31%. Compared with the scenario (2), the (3) 
has a larger number of  FR such as 10 to 1000. For example, 
the pension calculation system has about 100 of  laws and rules, 
which mean FRs. Moreover, some city officers have their local 
interpretation clauses, which mean constraint (C). 
Consequentially, the designer could not define all FRs and Cs 
on the specification. 

The sub-scenario of  (3a) includes the real complex 
design with many coupled FRs in manufacturing. For 
examples, the worldwide supply chain management makes an 

unexpected trouble in a trivial part as if  the designer steps on a 
hidden mine. The (3b) is also the real complex design, 
especially in planning. The engineer often made a mistake to 
translate from customer’s attributes (CA) to FR.  

 

3  ANALYSIS OF THE DATABASES OF THE 

ENGINEERING FAILURES 

We quantitatively analyzed the category of failure 
databases in Japanese industries. Figure 2 shows the ratio of 
the aforementioned three typical scenarios of the six 
companies; computer system making, software programming, 
copying machine manufacturing, sheet metal manufacturing, 
railroad operation, and research and education [2]. 

Software industries in the left sides of  Figure 2 have a 
high ratio (31 and 40%) of the coupled and complex designs 
of (3) in Figure 1. Hardware industries on the center has a 
middle ratio (23 and 25%), and service industries in the right 
has a low ratio (11 and 18%). 

Generally, software industries have larger numbers of FR 
than hardware or service industries. Then, the software 
doesn’t have any standard DPs, e.g. common subroutines or 
fundamental calculation, while the hardware has many 
standard DPs such as screws or bearing. The designer can fix 
the many standard or modular FRs for hardware, while for 
software he should check the interference for each non-
standard or integrated FR. 

Moreover, software industries have larger numbers of 
challenging FR than hardware or service. Generally, the new 
challenging technology includes some unknown risks. For 
example, nuclear power plant or transportation system 
continues to use the same design for 40 years while the 

Figure 2. Share of the failure scenarios in various organization
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computer or its software should be frequently changed or 
revised every 5 years.  

Table 2 shows the examples of  the coupled and complex 
designs in various organization of Figure 2. The authors could 
not count the numbers of FRs of  the failure designs accurately. 
For example in the upper column of Table 2, the computer 
system was shut down at midnight when the access of  an 
unexpected volume emerged. Extra accesses invade the bass 
line at a worst timing, but no one could not predict the 
trouble, e.g. which line was wrong and what time was it. In 
order to know the possibility of  coupling, we need some 

simulators to automatically check the all possible situations. 
The six failures in Table 2 are very difficult for us to imagine 
the detail in designing or planning. 

 

4  DISCUSSION FOR REDUCING THE 

COUPLED AND COMPLEX FAILURES 

Japanese industries need an endless cost-down effort to 
survive against an emerging east-Asian countries’ business. 
They, however, don’t notice a coupled FRi affected by the 
DPj, which was expected to improve the cost-down for FRj. 

Visualized to an uncoupled design

Making the modules with some coupled FRs

Reducing
the dimension

Figure 3. Countermeasure for the coupled and complex designs:
                making a module with some complied FRs.
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Table 2. Examples of the failures of coupled and complex design in various organizations

Organization

Computer
system making

Software
programming

Copying machine
manufacturing

Railroad
operation

Research and
education

Sheet metal
manufacturing

Examples of the failures

31%

40%

23%

25%

11%

18%

Too many customers bought the soccer lotteries at one o’ clock; the
computer system worked slowly and shut down because the access
increased by 100 times of the average.

A tax accounting program set the maximum value for all parameters of the
calculation. But the tax low changed; only four companies out of 10,000
exceed the maximum of one parameter, claiming the tax accounting.

The additional chemical content of a developed toner could improve the
red color. But the engineer had to re-optimize all conditions of the
charging, fixing, or discharging process, losing the business eventually.

Sheet metals were plated; but some had a slight corrosion trouble, eventually
being recalled. The pump of a cleaning tank before plating had stopped;
a debris was remained on the tank, making a pinhole of the metal surface.

The signal controller of a preliminary side line in a small station was
broken, and continues to send the ghost alarm. Gradually, the alarm
stopped the neighboring signal; the entire line was stopped eventually.

An organic material was reacting at a little bit high temperature in the
laboratory. But the poisonous secondary production that could not be
assumed was generating; the operator unexpectedly had a heavy headache.
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Eventually, the cost-down effort for FRj will suffer a claim-up 
for FRi. The non-diagonal component (Aij) in the design 
matrix represents the interference. 

For example, an automobile company changed the 
process of assembly of the oil scraping-down piston rings 
from manual snapping to automatic robot inserting for the 
cost-down requirement. But this automation slightly damages 
the blades of the ring; the lubricant oil moved upward along 
the cylinder through the ring and burned with the gasoline; 
the automobile alarmed against oil shortage and engine 
overheat; the company recalled all engines. The production 
engineer didn’t notice the coupled influence between ring’s 
circularity and assembly damage. He should check all non-
diagonal components of the design matrix using historical 
knowledge. 

For another example, a railway company merged the 
other company’s prepaid IC cards. In that time, the company 
must check the fares of  all routes of  1.2 billion patterns. 
Nevertheless, a discrepancy of  the fare was appeared in final 
checking. The number of this 1.2 billion is more than human 
checking ability; an automatic checking program is necessary. 
Then the checking process is almost as long as the 
programming process. 

Referring the Axiomatic Design knowledge, we can 
propose some effective countermeasure plans: (a) making an 
uncoupled design even at the early design stage; (b) 
automatically checking all of  complex patterns like the 
mentioned IC cards; (c) transferring the knowledge of  a 
decoupled design to a next designated engineer like the 
mentioned snapping ring: (d) making a module with some 
coupled FRs, getting a decoupled matrix. 

The plan (a) of designing independently is ideal but 
empirically impossible. The plan (b) of checking automatically 
is a royal road to success but so expensive and troublesome. 
The plan (c) of  transferring the knowledge is conventional and 
inexpensive, but nowadays difficult under non-lifetime 
employment and quick change technology. 

The remaining plan (d) is promising. We can manually 
check all non-diagonal components if  the numbers of  FR/DP 
is 10 or less according to our experience of  the seminars. 
Reducing the dimension of the design matrix is important for 
visualization of design. Figure 3 illustrates the method to 

make a module. Some FRs, which are coupled each other but 
are uncoupled with the group of  the other FRs, was 
transformed to a module. After the process, the design matrix 
becomes the diagonal one. Though the parts are still coupled 
in the module, the engineers in the organization for the 
module can design it without any coupled failures. He already 
has the knowledge about the coupling. Relating to the 
mentioned snapping ring, at least, one engineering manager 
should take care of the oil scraping-down piston ring, the 
lubricant oil, and the snapping process by himself. 

 

5  CONCLUSION 

The designer’s mind process of  the engineering failures is 
analyzed from the Axiomatic Design perspective. The failure 
data of a Japanese company making computer system can be 
categorized into the typical three categories. (1) uncoupled but 
unrealized designs (41%), (2) coupled but over-simplified 
designs (28%), and (3) coupled and complex design (31%). 
Nowadays, the category of  (3) is an emerging mind process 
for the huge and complicated system, especially in software 
industries. It is too complex to understand beyond the 
designer’s assumptions. For prevention of the complex 
failures, checking all interferences automatically and making a 
module with some coupled FRs are useful. Especially making 
a module is inexpensive and effective for visualization of 
decoupling. 
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ABSTRACT 

To address the problem of  increasing demand for port 
service capacity worldwide, subject to the constraint that 
existing ship structure and load/unload methodologies must 
be essentially maintained, we pursue the system-level design 
of  port services based on axiomatic design. We show that the 
traditional approaches to increase capacity (e.g., faster cranes 
and increased berths) do not address the fundamental 
coupling between the functional requirements (FRs) to 
load/unload containers and port the containers across the 
land-sea interface. We next demonstrate that a mobile floating 
port (MFP) concept is a design that decouples these FRs. 
Further, by considering the MFP as an agile service asset with 
the flexibility to provide port services to multiple port 
locations, one can decouple the service from dependence 
upon a specific port. 

Keywords: Port services, port design, axiomatic design, 
mobile floating port, mobile floating harbour. 

1 INTRODUCTION 

With the rise of  nations such as China and India as 
powerful participants in the global economy, so too has there 
been a corresponding rise in their demand for and 
consumption of  natural resources (raw materials) and finished 
goods as well as an increase in their export of products
produced. To feed these demands and support the delivery of  
their industry, much of  the materials are imported and/or 
exported from other nations via the global ocean shipping 
network. This network employs container ships and bulk 
goods ships along with an ever growing collection of  ports to 
deliver materials from source to destination, often via the use 
of  intermediate transhipment ports to increase efficiency of  
distribution.

The shipping industry is thus in a state of  relatively rapid 
growth. Recent worldwide container shipping rates have 
increased by about 9% annually since 1990 and 10-11% in 
2005, 2006 and 2007 [1]. Figure 1 depicts the dramatic growth 
of  global container shipping rates. As a specific example, the 
Port of  Singapore alone served almost 20,000,000 ft3 of  cargo 
in 2007; an increase of  7.8% from 2006 and 48.5% from 2000. 
The increase in shipping is expected to continue over the long
term (in spite of  the recent global economic downturn). 

 
Figure 1. Global container shipping. Y-axis units are 

million TEU/year. (Source: Clarkson Research Studies) 

While current container port service capacity is sufficient 
to meet the existing demand, according to [2], the projected 
2014 demand is expected to exceed the current capacity by 
25%. Further, while only about 10% of  the current container 
traffic is handled by mega-ships with capacities greater than 
8,000 TEU, this percentage will increase to 25% of  the 
container traffic by about the same time [3]. (TEU stands for 
twenty-foot equivalent unit and is a measure of  the volume of  
a three dimensional rectangle with dimensions 20’x8’x8.5’.) 
Current port service facilities will be insufficient to address 
the projected growth. 

To address the trend, the shipbuilding industry has 
responded by building container ships with increased capacity.
The current mega-container ships, such as the COSCO 
Guangzhou have a 12,000 TEU capacity [4]. Many orders for 
the construction of  such large ships have been placed. In fact, 
according to [5], in 2007, seventy seven ships with 10,000 
TEU or greater capacity were scheduled for completion by 
2011.  

In response to increased traffic demands and to address 
the impending arrival of many large ships, hub ports have
begun employing the traditional approaches to increase their 
capacity. To wit, in 2005 Singapore invested S$160 million in 
tyre-mounted gantry cranes ([6]) and in 2007 it began a S$2 
billion construction project to expand its existing 49 berths 
(with a capacity of  26.1 million TEU per year) to 65 berths 
(with a projected total capacity of  60 million TEU) ([7], [8]). 
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Time-honoured and well-tested traditional methods to 
increase port capacity include the construction of  additional 
berths (which consume waterfront property), purchase of  
additional cranes (for increased container movement capacity), 
upgrades to existing cranes or purchase of  faster cranes (to 
increase loading/unloading capacity at the ship), more/faster 
container movement vehicles (e.g., yard trucks), expansion of  
yard facilities and the implementation of  algorithms to 
optimize the use and scheduling of  existing resources.  

Traditional approaches to increasing port capacity, 
efficiency and service quality (e.g., waiting time) have 
demonstrated a reliable and steady capability to increase port 
service performance. However, they are hampered by one key 
factor – the essential design concept upon which they are 
based contains more couplings than are necessary. These 
couplings lead to a limited capability to port containers across 
the land/sea interface. Further, the existing port service 
designs limit the applicability of  the porting system as a 
service.  

Here, within the Axiomatic Design framework [9], [10], 
we delve into the system-level design of  port services and 
demonstrate that an agile mobile floating port (aMFP) 
concept (a mobile harbour was first proposed in [11], [12]) 
nearly completely removes the couplings present in the 
current system design. Two consequences are that the aMFP 
concept has the potential to dramatically increase port 
throughput and provide an entirely new business model for 
port operations akin to the operation of  a taxicab or bus for 
containers. It should be mentioned that large floating 
structures have been proposed as solutions for various 
maritime and naval problems; none successfully addresses the 
fundamental couplings.  (We discuss other proposed solutions 
and related work in the sequel.) 

The remainder of  the paper is organized as follows. In 
Section 2 we discuss the system-level functional requirements 
(FRs) of  port service. Employing these FRs, Section 3 studies 
the structure of  existing port designs. It is here that we see the 
fundamental coupling present in current port concepts. 
Existing non-traditional solutions for port service that have 
been proposed are briefly overviewed in Section 4. The aMFP 
concept is explained in Section 5, where we show that the 
design removes the couplings. Concluding remarks are 
presented in Section 6. 

2 FUNCTIONAL REQUIREMENTS OF A PORT 

The abstract purpose of  a port in the maritime cargo 
transport network is to provide a means for cargo on land to 
be moved from land to sea and loaded upon a sea-going vessel, 
and vice versa. In addition, for some cargo, the port may not 
be the final marine destination and the purpose of  the port is 
merely to deliver the cargo to the next ship scheduled to carry 
the cargo. The cargo and function of  the port in this case are 
termed transhipment. Such transhipment of  containers is 
necessary to optimize the operations of  the shipping 
companies. Typically, large capacity ships with containers that 
have arrived from numerous sources make the long ocean 
voyage to a hub port (characterized by a large container 
handling capacity and a larger percentage of  transhipment 
containers). From this point, smaller vessels, called feeder 
ships, then deliver the containers to their final destination.  

Thus, the container traffic that arrives to a port may be 
divided into three classes: import, export and transhipment. 
Import containers arrive to the port on a ship and must be 
delivered to some point inland. Export containers arrive to 
the port via a land route and are delivered to their destination 
via a ship (even if  the destination is a transhipment port, the 
container is an export container from the source port’s 
perspective). Finally, transhipment containers arrive via a ship 
and the role of  the transhipment port is to remove them from 
the incoming ship and deliver them to another outgoing sea 
vessel (typically there is a need to store such a container for 
perhaps one week as the scheduled sea going vessel may not 
be immediately available). Naturally, the porting operations 
should be conducted safely, efficiently and with as little 
negative effect on the environment as possible.  

A key point to note is that while all of  the three classes 
of  containers must be loaded/unloaded to/from a ship, only 
import/export container must cross the land-sea interface. 
This distinction serves to highlight the functional requirement 
that import/export containers must traverse the land-sea 
interface.   

The subset of  high-level functional requirements for port 
service involving ships is listed in Table 1 below. There are 
other functional requirements that we neglect to mention 
dealing with non-maritime operations – they can be designed 
without couplings to the maritime FRs. Note that we state the 
FRs in terms of  containers (despite that there are other types 
of  cargo) as this is our primary cargo of  interest and the port 
service systems for other types of  cargo are distinct from 
those employed for containers. (There are typically distinct 
berths and loading/unloading equipment associated with 
containers and other cargo).  

 
Table 1. Functional requirements of  port service. 

FR1 Allow ship entry to port system 
FR2 Provide location for ship to receive service 
FR3 Unload incoming containers from ship 
FR4 Transfer import container from sea to land  
FR5 Load outgoing containers to ship  
FR6 Transfer export container from land to sea 
FR7 Allow ship to exit from system 
FR8 Store containers between pick-up/delivery times 
FR9 Orchestrate operations 

 
There are numerous constraints that such a system must 

obey such as safety, environmental, cost, efficiency and 
geographic constraints; we do not mention these further. The 
key constraint that we impose is listed in Table 2. It is most 
relevant to the resulting design at the system level. 

 
Table 2. Constraints on a port service system. 

C1 The existing structure of  ships cannot be changed. 
 

3 TRADITIONAL SOLUTIONS 

At the system level, traditional solutions that provide port 
service are quite similar. Table 3 lists the design parameters 
DPs (i.e., design concepts) for existing port service solutions. 
To illustrate a typical port design, the port at Incheon, South 
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Korea is depicted in Figure 2. One can clearly see the 
rectangular berths at the land–sea interface.  

 
Table 3. Design parameters of  traditional port 

service solutions. 
DP1 Dredged causeway for entry 
DP2 Berth at land-sea interface (shoreline berth) 
DP3 
DP4 

Crane system for unloading of  ship 
 

DP5 
DP6 

Crane system for loading of  ship  
 

DP7 Dredged causeway for exit  
DP8 Land based storage facility 
DP9 Algorithms and methods for control of  system 

 
Proposition 1: Traditional port service solutions are coupled. 
 
Proof: It is immediate from Theorem 1 (Coupling Due to 
Insufficient Number of  DPs), pp. 22 of  [10] that the design is 
coupled since there are 9 FRs and only 7 DPs.            ! 

 
The coupling arises since the existing design does not 

consider (nor indeed truly recognize) FR4 and FR6 – transfer 
containers across the land-sea interface. Though this 
distinction between loading/unloading and crossing the land-
sea interface might at first seem academic, there is a very 
sound reason for it. Incorporating them into the FRs gives 
rise to an entirely new concept for port service as we shall see 
in Section 5.  

 

 
Figure 2. Aerial view of  the port at Incheon, South Korea. 

(Courtesy of  Google Earth, August, 2008.) 

The consequence of  the coupling of  Proposition 1 is that 
the same solution is used for loading/unloading and to 
traverse the land-sea interface. These tasks are accomplished 
simultaneously. Simultaneity need not be a design problem; 
however, since we are constrained by the existing ship 
structure, cranes are used for both of  these functions. Cranes 
are not the fastest method for delivering containers. For ships 
that carry denumerable cargo (such as vehicles) but not 
containers, it is well known that the fastest that they can 
currently be (un)loaded is via a roll-on roll-off  (RORO) 
system. The coupling in traditional designs forces both the 
functions of  (un)load and traverse the land-sea interface to be 

accomplished via the slower crane method. Since, we are 
constrained to use the existing ship structure, which has been 
designed for container (un)loading via cranes one cannot 
avoid their use for FR3 and FR5. However, we nneed not  use  
c ranes  to  t ra vers e  the  land-sea  in t er fa c e ! A RORO system 
would be much more efficient at this task. Further, if  we used 
a RORO system or another ul t ra - fas t  method for  t ra vers ing  
the  land-sea  in t er fa c e , we could dramatically increase the 
productivity of  the land-based berths. 

The question is then: How can we decouple the 
(un)loading process from the process for traversing the land-
sea interface and enable the use of  an ultra-fast system for 
FR4 and FR6? 

4 EXISTING NON-TRADITIONAL SOLUTIONS 

There are other non-traditional methods that have been 
conceived to improve port service capacity. First note that by 
non-traditional we do not mean concepts such as the tandem 
twin lift cranes (which enable an increase in crane capacity) or 
automated guided vehicles for yard operations, though such 
solutions certainly should be considered for inclusion as a part 
of  any new and enhanced port service design.  

In [13] and [14], floating supplementary quays (termed a 
hybrid quay wall HQW) and replacement ports were 
considered. The supplementary quay (HQW) is a floating 
structure that can be moved (or move) to the side of  the ship 
not adjacent to the land-side berth, as shown in Figure 3. The 
HQW possesses its own cranes and conducts (un)loading 
operations from the second side of  the ship simultaneously 
with the normal (un)loading from the land-based berth side. 
Hence the speed at which ships can be served when in their 
berth is increased. (Note that the speed is not doubled, even 
though two sides of  the ship are served in comparison to the 
traditional one-sided service, because contention between 
cranes on opposite sides of  the ship must be avoided for 
safety.) Containers unloaded by the HQW cranes are placed 
on the HQW structure and RORO transported across a small 
movable bridge that is placed to connect the HQW with the 
land-based berth.  

 

 Figur e  3 .  Hybr id  Quay Wal l  concep t .  (Figur e  adopted  
f r om [14] . )  

 
The replacement port concept is to construct a floating or 
secured port in the ocean. It can then serve as a normal land-
based port provided that is has sufficient surface area to store 
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containers and can provide the same services as a land-based 
port. This concept completely removes port operations from 
the land. However, as the containers for many ports are in fact 
import/export containers, this solution requires that 
containers undertake an additional journey to another land-
based port using traditional means. As such, this idea is best  
suited for use as a hub port with a preponderance of  
transhipment traffic. A replacement port may be connected to 
the land via a bridge or it may operate without any connection 
to the land. Figure 4 shows the two types of  the replacement 
port concept. In fact, the port at Yangshan is essentially this 
concept as it is constructed around a small island and 
connected to land via a 32.5km-long bridge.  

In [15], a concept for a floating replacement port is 
described as a challenge for ocean systems engineers. This is 
similar at the high level to the concept described in [13], [14]. 
The implementation has several differences including the use 
of  double sided mooring to help stabilize the ship. Naturally, 
double-sided (un)loading is employed as well. 
 

Land port

Island-type Floating Terminal

Floating
Structure

Land port

Floating Terminal connected to a Land por

Bridge to 
connect
to land

Floating
Structure

 

Figur e  4 .  Rep lacement  por t  concep t .  (Figur e  adapted  
f r om [13] . )  

Port service designers were not the first to consider very 
large floating structures. In [16], a floating modular airfield 
concept developed by the US Navy is described. Here, 
connectable modules are proposed that can be concatenated 
to form an airfield of  desired size. One interesting 
consequence of  this design, and it holds true for all existing 
large floating structure concepts of  which we are aware, is 
that the structure itself  may bend as different parts of  the 
supporting ocean rise and fall. 
In [17], [18], the LASH (lighter aboard ship vessel) - a true 
departure from common porting system concepts - is 
described. There, a design concept for a ship that ports 
smaller ships filled with cargo is discussed and the 
implementation described. The idea is as follows. First, small 
river-going vessels are loaded with cargo at their river port. 
The river vessels then travel to the river mouth and board the 
larger ocean vessel. The ocean vessel, containing the smaller 
river ships then travels to another river mouth across the more 
volatile ocean waters. The ocean vessel then literally sinks 
itself, allowing the smaller river vessels to disembark and enter 
the calmer waters of  the river system. The benefit is that the 
cargo need not be removed from the river vessels, loaded to 
the ocean vessel, unloaded from the ocean vessel and once 
more loaded to river going vessels for the final leg of  the 
journey to the destination. In fact, the river vessels are loaded 
and unloaded only one time each. This reduction in 

transhipment allows improved cycle time (thereby reducing 
the overall shipment cost) and this is used to justify the 
expense of  designing and constructing a ship that holds ships. 

We briefly discuss those designs listed above that are 
intended to serve a role as (a part of) a port for ocean going 
container vessels in light of  the functional requirements listed 
in Table 1 for port service. First, note that while the hybrid 
quay wall HQW supplementary port does allow one to 
conduct double-sided (un)loading, and this results in an 
increase in service rate (by less than a factor of  2), the HQW 
does not serve to decouple the operations of  (un)loading and 
traversing the land-sea interface. The two activities are 
conducted simultaneously and the opportunity to employ an 
ultra-fast mechanism for traversing the land-sea interface is 
lost. Second, for the replacement port concepts (offshore 
floating ports), the primary goal is to serve transhipment 
containers. For this subset of  the market, the design is a good 
one (there is no need to cross the land-sea interface, and so 
the related FRs are not present – the resulting designs need 
not be coupled). However, if  one intends to also serve 
import/export containers, the solution does not remove the 
coupling as those containers must also be shipped to a land-
based traditional port. In addition, the market size for this 
transhipment-only port is unclear. 

A key point to note is that, for all of  the designs intended 
to serve ocean ports, none recognizes the presence of  the FRs 
to traverse the land-sea interface and designs with too few 
DPs. The result is a dramatically less productive land-berth 
than is possible. 

 

5 AGILE MOBILE FLOATING PORT 

Our design goal is to achieve the functional requirements 
set forth in Table 1 for port service and satisfy the 
Independence Axiom of  [9], [10]. We do not address the 
Information Axiom at this level of  the design (indeed this is 
quite difficult to do as the technologies for many of  the non-
traditional designs discussed as well as the design we will study 
have not been developed). The key to accomplishing this is to 
ensure that we decouple the (un)loading function from the 
function that import/export containers traverse the land-sea 
interface. By so doing, one will unleash the possibility of  a 
dramatically faster and more efficient land-based berth.  

The design solution we will study was first put forth in 
[11], [12] and consists of  a mobile floating platform complete 
with cranes for (un)loading cargo to and from container ships 
(according to the constraint that the existing ship structure 
and loading/unloading method must be honoured). The 
platform may be propelled by engine driven propellers or 
perhaps even manoeuvred by tugboat. We call such a platform 
a mobile floating port (MFP). An essential feature of  the MFP 
is that is possesses an interface for connecting with the land 
based port that enables the ultra-fast transfer of  containers.  

In the subsequent subsections, we discuss the MFP 
design and how it serves to decouple the traditional port 
service system design. Also, we show that mobility allows for 
one to consider agile operational schemes that are simply not 
possible with fixed position ports. 
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5.1 MFP DESIGN IS DECOUPLED 

There are three key features of  the MFP concept. First, 
there is an ultra-fast container transfer interface between the 
MFP and the land based port which dramatically improves the 
productivity of  the land-berth where the MFP will disgorge or 
absorb its contents. Second, as the MFP can be positioned in 
deep water, there is no requirement for dredging (or a relaxed 
one) to accommodate deep depth ships. Third, to move 
between deeper water and the land-based port, the MFP 
should be mobile.  

 

 
 (a) 

 

 
(b) 

FFigur e  5 .  (a )  MFP heading  toward conta iner  sh ips  
o f f shor e .  (b )  MFP docked wi th  a  des ignated  land-ber th .  
Note  that  the  de ta i l s  in  the  f i gur es  ar e  fo r  i l lus t ra t ion 
pur pose  on ly  and do not  ind i ca t e  a c tua l  t e chni ca l  
implementat ion o f  the  MFP concep t .  ( I l lus t ra t ion cour t e sy  
o f  ICAD laborator y  o f  KAIST.)  

As we now show, the MFP design removes the couplings 
that afflict traditional port service designs. The design 
parameters to address the functions provided in Table 1 and 
obey the constraints of  Table 2 are given below in Table 4.  

 

Table 4. Design parameters for MFP. 
DP1 Floating platform in deep water 
DP2 Berth for ship at platform 
DP3 Crane system for unloading of  ship 
DP4 Ultra-fast interface system: Unload containers from 

platform 
DP5 Crane system for loading of  ship 
DP6 Ultra-fast interface system: Load containers to 

platform 
DP7 Exit method for ships from MFP 
DP8 Land based storage facility 
DP9 Algorithms and methods for control of  system 

The design matrix for this design is given in Table 5 
below. As is common practice, we use a large “X” to indicate 
that there is dependence in our ability to satisfy an FR upon 
the corresponding DP. A zero indicates that there is no 
relationship. Rationales for each of  the off-diagonal non-zero 
elements are given below the tables, where (i,j) refers to the X 
at the ith row and jth column.  

 
Table 5. Decoupled design matrix for MFP. 
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FR1 X O X X X X O O O 

FR2 O X O O O O O O O 

FR3 O X X O O O O O O 

FR4 O X O X O O O O O 

FR5 O X O O X O O O O 

FR6 O X O O O X O O O 

FR7 O X O O O O X O O 

FR8 X O O X O X O X O 

FR9 O O O O O O O O X 

 
(1,3): Properties such as size and weight of  crane system 
affect the structure of  floating platform. 
(1,4): The shallow sea accessibility required by the ultra fast 
interface system affects the design of  floating platform. 
(1,5): same as (1,3) 
(1,6): same as (1,4) 
(3,2): Berth structure and arrangement directly affects the 
function of  loading/unloading. For example, the number of  
cranes that can access a ship, interoperability between berths, 
and types of  crane system depend on berths. Also, stability 
achieved by berth system (e.g. mooring) affects loading and 
unloading. 
(4,2): Transferring containers from sea to land includes 
transferring containers from berth to the transfer method, and 
thus is affected by berth system.  
(5,2): same as (3,2) 
(6,2): same as (4,2) 
(7,2): Berth structure and arrangement will affect how ships 
can exit from the system. 
(8,1): Storing capacity of  the floating platform may affect the 
storing requirement for the land-based system. 
(8,4): Land-based yard must accommodate the ultra fast 
interface and its high throughput. 
(8,6): same as (8,4) 
 
Using standard approaches, we see that it is a decoupled 
design matrix (not coupled as before); hence, it is a better 
design. We thus have the following result. 

 
Proposition 2: The MFP design is decoupled. 
 
Proof: Since the resulting matrix can be rearranged to become 
lower triangular, the design at this level is decoupled.           ! 

 
It should be noted that there is one condition that must 

be assured to make this proposition valid. That is, the total 
weight of  MFP should not be too high, which implies that the 



Decoupling (un)loading operations from the land-sea interface in port service: The mobile floating port concept 
The Fifth International Conference on Axiomatic Design 
Campus de Caparica – March 25-27, 200 
 

62  Copyright © 2009 by ICAD2009 

container carrying capacity and/or the weight of crane and
other systems on board should be limited to a certain amount. 
This is due to the fact that the MFP should be sized such that 
it can access land-based port with a shallow depth. If  this 
condition is violated, (4,1) and (6,1) would be non-zero, and 
the resulting matrix would be a coupled design matrix.  

Additional decomposition and zig-zagging are required to 
further develop the design. By decomposing FR4, we see that 
three functions are necessary. These functions as well as the
corresponding design parameters are given in Tables 6 and 7, 
respectively. It is here that mobility arises as a function. 

 
Table 6. Child functional requirements of  FR4 to transfer 

import containers from sea to land. 
FR4.1 Move MFP from deep sea location toward land  
FR4.2 Allow MFP entry to land-based port system 
FR4.3 Unload containers from MFP to land 

 
Table 7. Child functional requirements to transfer import 

containers from sea to land. 
DP4.1 Propulsion system  
DP4.2 Shallow depth of  MFP (less than mega-ships) 
DP4.3 Ultra-fast interface with land for unloading MFP 

 
It is easy to see that no additional couplings arise as a 

consequence of  our decomposition. We do not further detail 
the other FRs, but it is worth mentioning that the land-based 
port must be capable of  receiving the MFP. That is, to rapidly 
disgorge/accept containers to/from the land-based port, the 
land side facility must have a companion system for enabling 
the ultra-fast transfer.  

An overview of  the operation of  the MFP is as follows. 
First note that the MFP can be stationary and await arriving 
ships or it can seek them out. Once ship(s) are docked at the 
facility, (un)loading commences via the traditional method 
employing cranes. Double-sided unloading with state-of-the-
art crane systems (e.g., tandem lift) should be incorporated to 
maximize the speed at which ships can be served. The 
containers are placed upon the MFP-side portion of  the ultra-
fast system for unloading the MFP. In one embodiment, the 
MFP houses multiple large rail mounted slabs upon which the 
containers are stacked. Once the MFP is relatively full and/or 
ready to return to the land-based port, the propulsion system 
is activated (propellers or tug boats, or some other method) 
and the container laden MFP sails to a land-based port. The 
MFP gains access to the port readily as it is essentially a barge 
with a shallow depth and has no difficulty with the depth of  
the water near the port. The MFP next docks at the port and 
proceeds to roll the container slabs (they may be pulled, 
pushed or self  propelled) off  the MFP and into the port. 
Once the MFP is empty, it is subsequently loaded with 
containers for incoming vessels and sets out to sea. 

We conclude this section by comparing the berth 
productivity (i.e., throughput) of  a traditional berth, a double-
sided (un)loading berth and the MFP-based system. Figure 6 
shows timing diagram for the three types of  berth systems. 
Figure 6(a) depicts a traditional berth operation throughput as 
a reference case: a container ship arrives at a port with a berth 
available. It docks at the berth, and starts the (un)loading 
process. Once the (un)loading is finished, the ship departs, 

and the next ship enters the system. We call this interval – the
time between two successive ships entering the system – 
throughput time, T0. Figure 6(b) illustrates the process for the 
same system but now equipped with double-sided (un)loading. 
By using double-sided (un)loading, the (un)loading time is 
reduced by approximately half, making the throughput time 
for this system T1 ! (1/2)T0. Now with the MFP, the land-
based berth does not have to be occupied during the entire 
(un)loading time. It is occupied only during the transfer of
containers to and from the MFP, whose time will be designed 
to be much smaller than ship (un)loading time. If  we use 
multiple MFPs, we can work on multiple ships simultaneously, 
transforming a serial process into a parallel process. This is 
the very advantage of  decoupling the function of  container 
(un)loading at the ship side and the function of  transferring 
containers across the land-sea interface. Depending on the 
number of MFPs and the speed of the ultrafast interface, the
MFP-based system can achieve a much higher throughput 
than in the other cases. That is T2 << T0, as is shown in 
Figure 6(c). 

 

 
FFigur e  6 .  Mobi l e  Float ing  Por t  de coup le s  the  t rans f e r  o f  

conta iners  acr oss  the  land-sea  in t er fa c e  f r om the  
(un) loading  o f  sh ips,  po t en t ia l l y  g r ea t ly  in cr eas ing  the  

ber th  thr oughput  beyond t rad i t iona l  appr oaches.  

5.2 AGILITY AND SERVICE 

There is an additional service concept that arises when 
one allows the port service system to be agile (mobile). First, 
this removes the dependence upon a single port. Hence, an 
agile MFP (aMFP) can be employed at multiple ports where 
the need is greatest. In addition to protecting the operator of  
the aMFP from shifts in the container handling market from 
port to port, the aMFP can be used to serve small ports. As 
container traffic increases, smaller ports will find themselves 
with a growing need to serve more and more containers. Also, 
larger ships will want to call at the hub ports (as well as 
smaller ports).  

The aMFP can serve in two ways. Without the need to 
build additional berth facilities, the aMFP (by dramatically 
increasing the throughput of  a single berth) can fulfil the port 
capacity requirements. Also, since the aMFP has a relatively 
shallow depth, smaller ports need not undertake costly deep 
dredging exercises to provide access for larger ships.  

Taking the concept of  agility to its logical extreme, one 
can consider the aMFP as analogous to a maritime taxi cab. 
The aMFP is called by a ship and/or port to provide 
unloading operations and deliver the containers to the land-
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based port via an ultra-fast interface with the land. A fleet of  
aMFPs could be deployed much like current feeder ships 
without the need for existing ports to increase the number of  
berths they provide or deepen existing water depths. The only 
requirement on the land-based port is that they provide one 
ultra-fast interface for the MFP and are able to handle the 
dramatically faster rate of  container arrival and export. 

6 CONCLUSION 

Increasing demand for container shipping, coupled with 
the expected dominance of  mega-container ships in the future 
shipping market requires a significant increase in port service 
capacity. While improvements and expansion of  traditional 
port systems will be able to respond to the need temporarily, 
we expect that innovative solutions must be developed to 
meet the need in the long run.  

We approached to this problem by adopting the 
Axiomatic Design analysis. Our analysis shows that non-
traditional solutions that have been developed in the past do 
not properly recognize the fundamental coupling in the 
container transport system. The fundamental coupling occurs 
between FRs of  container (un)loading from/to ships and the 
other FRs of  transferring containers across sea-land interface. 
This coupling can be resolved by deploying an MFP-based 
port system. This decoupling allows transforming a serial 
process into a flexible, parallel process, which possibly leads to 
a much higher productivity for an MFP-based system.  

One limitation of  the MFP concept presented in this 
paper is that it is limited in the total weight that it can support 
while remaining fully functional. The severity of  this 
constraint needs further study as it may affect the overall 
utility of  the concept. Also, multiple alternative solutions 
under the MFP concept need to be developed to determine 
the best MFP-based solution.  
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ABSTRACT 

The mount type HVAC control system is a type of  
HVAC control system which is installed between a ceiling and 
the ceiling boards of  a room to control room temperature.  
Although the device is quite popular, design is conducted by a 
conventional way where engineering intuition and experiences 
are utilized.  It is found that the design process is fairly 
inefficient and time-consuming because there are a lot of  
feedbacks.  The axiomatic approach is used to investigate the 
design characteristics of  the mount type HVAC control 
system and the Independence Axiom is utilized for the 
investigation.  The overall hierarchy is established up to the 
level of  components.  It is found that the current design has 
many coupled and redundant aspects.  The hierarchy is 
reorganized based on the Independence Axiom and a new 
design process is found.  To exploit the new design process in 
practice, a design manual is made. 

Key Words: Axiomatic design, Independence Axiom, A 
mount type HVAC control system 

1 INTRODUCTION 

A heating ventilating and air conditioning (HVAC) 
control system is an air conditioning machine to make a house 
comfortable by controlling the temperature of  rooms. It is 
classified according to the installation place or position. A 
mount type HVAC control system is installed between a 
ceiling and the ceiling boards of  a room. The main advantage 
is maximum utilization of  living space [Song et al., 1999]. 
Demand of  the mount type HVAC control system is 
increasing.  

The mount type HVAC control system is designed and 
manufactured according to various conditions such as the size 
of  the installation place, the country, the environment, etc 
[Kim et al., 2004]. The product design process has influence 
on the overall performance of  the system, development costs 
and time [Park, 2007]. Currently, the mount type HVAC 
control system is designed with a somewhat regular process; 
however, most of  the process is conducted in a conventional 
way where engineering intuition and experiences are utilized. 
Designers usually use knowledge which is not systematic. It is 
found that the design process is fairly inefficient and time-
consuming because there are a lot of  feedbacks [Lee et al., 
1996].  Therefore, it is difficult to identify the problems when 
product performance has some defects. Also, it is quite 

difficult to exchange views on product design between senior 
and junior designers.  

This paper focuses on the rational and effective design 
process of  the mount type HVAC control system. The 
axiomatic approach is used to investigate the design 
characteristics of  the mount type HVAC control system and 
the Independence Axiom is utilized for the investigation. 
Axiomatic design is a framework for an effective design 
created by N.P. Suh. It gives good ideas for conceptual design 
as well as detailed design [Suh, 1990]. To propose the rational 
and effective design process of  an existing mount type of  the 
HVAC control system, the overall hierarchy is established up 
to the level of  parts based on the axiomatic approach. The 
design matrix is defined and the order of  the design process is 
proposed. Some coupling aspects of  the existing product are 
found and the proposed design order minimizes the feedback 
processes. A design manual is made to utilize the proposed 
process for practical use.  

2 AXIOMATIC DESIGN 

Axiomatic design is a design methodology that was 
created by N.P. Suh [Suh, 1990]. It gives the standard of  a 
good design in an objective and rational way. Design is 
defined as a continuous 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 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 between the FRs and the DPs, through the proper 
selection of  DPs that satisfy FRs. The mapping process 
depends on a designer’s individual creative process. Therefore, 
there can be many good design solutions. 

The domain and mapping are illustrated in Figure 1. The 
customer domain is characterized by the need that the 
customer seeks in a product. Based on this need, the design 
engineers define the FRs in terms of  uniformity and also the 
constraints. And then, to satisfy the specified FRs, DPs are 
determined in the physical domain. 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 get a complete detailed design 
or until the design is completed. A DP is determined by the 
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corresponding FR in the same level; and then, FRs in the 
sublevel are determined by the characteristics of  the DP in the 
upper level. This process is called the ‘zigzagging process.’ 

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 functions and physical variables, and the Information 
Axiom deals with the complexity of  design. 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: 

 
        (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. Similary, the DPs in the physical 
domain also constitute a vector {DP} with n components. 

 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   

 

                     (2) 

 
Each element Aij of  the matrix relates to a component of  

the FR vector to a component of  the DP vector. In general, 
the element Aij is expressed as 

 

                             (3) 

 
Table 1 shows three cases of  the design according to the 

characteristics of  the design matrix. When the design matrix 

 is diagonal, each of  the FRs can be satisfied 
independently by means of  one DP. Such a design is called an 
uncoupled design. When the design matrix is triangular, the 
independence of  FRs can be 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. 

Based on the difference in the numbers of  FRs-DPs, 
there are three cases of  design such as ideal, redundant and 
coupled design in Table 2. When the number of  FRs is equal 
to the number of  DPs, the design is an ideal design, provided 
that the Independence Axiom is satisfied. When there are 
more DPs than FRs, the design is a redundant design. A 
redundant design may or may not violate the Independence 
Axiom. When the number of  DPs is less than the number of  
FRs, either a coupled design results or the FRs cannot be 
satisfied. The Independence Axiom encourages an ideal 
design rather than a redundant or a coupled design. Therefore, 
when several FRs must be satisfied, designers must develop 
designs to create a diagonal or a triangular design matrix by 
exploiting the research. 

The Information Axiom states that among all the designs 
that satisfy the Independence Axiom, the one with minimum 
information content is the best design [Do and Park, 2001]. 
Resources for the Information Axiom are available in the 
references. In this paper, only the Independence Axiom is 
utilized. 

3 DESIGN OF THE MOUNT TYPE HVAC 

CONTROL SYSTEM USING AXIOMATIC 

DESIGN 

3.1 CONVENTIONAL DESIGN PROCESS OF THE 

MOUNT TYPE HVAC CONTROL SYSTEM 

An HVAC control system is a machine that regulates 
room temperature. A mount type HVAC control system is a 
type of  the HVAC control system, which is installed between 
the ceiling and ceiling boards of  a room to control 
temperature [Song et al., 1999]. The basic principle of  the 
mount type HVAC control system is absorbing heat in a room 
and emitting it to the outside of  the room [Richard et al., 
1998]. Figure 2 illustrates the components of  the mount type 
HVAC control system which consists of  the indoor and 
outdoor machines.  

Most of  the HVAC systems employ the refrigeration 
cycle using refrigerant to generate the cool air in a room [Kim 
and Park, 1996]. Figure 3 presents the refrigeration cycle using 
the refrigerant. In the outdoor part, a compressor generates 
the flow of  refrigerant and a condenser releases the heat. The 

Consumer 
domain 

Functional 
domain 

Physical 
domain 

Process 
domain 

FRs DPs PVs 

 
CNs 

Figure 1.  Concept of  design, mapping and spaces 

Table 2. Ideal, redundant and coupled design 
 Design equation 

 
Ideal design  

 
Redundant design  

 
Coupled design  

Table 1. Relationship between FRs and DPs 
 Uncoupled 

design 
Decoupled 

design 
Coupled 
design 

Design 
matrix 

   



Analysis of a mount type HVAC control system using axiomatic design 
The Fifth International Conference on Axiomatic Design 

Campus de Caparica – March 25-27, 2009 
 

Copyright © 2009 by ICAD2009  67 

indoor part consists of a capillary tube to control the flow of
the refrigerant and an evaporator to absorb the heat in the 
room [Choi and Kim, 2005]. The refrigerant periodically 
circulates between the two sides so that the indoor heat is 
absorbed and released outside [Kim and Park, 1996]. Also, 
there are other components to activate the machine and 
maintain the operation of  the mount type HVAC control 
system. 

Currently, design is carried out based on the conventional
process illustrated in Figure 4. Since the machine is not a new 
one, most of  the design aspects are already known. Therefore, 
the designer selects appropriate components. First, 
positioning for installation between a ceiling and ceiling 
boards of  a room is determined. It is the major factor for the 
performance of  the machine. And the designer determines 
the components such as the refrigeration cycle and related 
ones to satisfy the positioning for installation. After that,
performance tests are conducted to meet the performance 
requirements for the mount type HVAC control system. If  the 
HVAC system satisfies the performance tests, the design 
process ends. Otherwise, the designer redesigns the 
components until the performance requirements are satisfied.  

In the conventional design, the design of  the HVAC 
system depends on the ability of  the designer because the 
components are selected by the intuition and experiences of  
the designer. The flow of  the conventional design process is 
illustrated in Figure 5. A module is defined as a large part 
composed of  components. A module can be designed 
independently. Modules such as the refrigeration cycle, the air-
flow, the drainage and control are designed and assembled. 

The conventional way may be good when the product 
development is finished. However, the performance 
requirements are continuously changing according to the 
customer. Also the product should be designed and 
manufactured to satisfy the new conditions for the setting size, 
the country where the product is used, the environments, etc 
[Kim et al., 2004]. In this case, the conventional way needs 
many trials and errors to meet the requirements because it is 
not easy to identify the relationships of  components and their 
characteristics. Besides, the designer may have difficulties to 
find a rational design process to satisfy the new requirements.
If  engineering intuition and experiences are utilized, the 
designer may use tacit knowledge which is not systematized. 
Because the design is made personally in a subjective way, it is 
difficult to transfer the design knowledge of  a senior designer 
to a junior designer. 

3.2 AXIOMATIC DESIGN OF THE MOUNT TYPE HVAC 

CONTROL SYSTEM 

       As mentioned earlier, there are many difficulties in the 
conventional design process. To overcome the difficulties, a 
new design process is defined by using the axiomatic approach. 
Customer needs (CNs) are gathered first, FRs are defined 
based on the CNs, and DPs are selected to satisfy the 
independence of  the FRs [Suh, 2001]. The FR-DP 
relationship is made by the design matrix and a hierarchy of  
the design process is made. It is noted that the hierarchy is 
made by decomposition of  the FR-DP relationships up to the 
components as the bottom level. CNs are defined from the 

customer survey and interviews with design engineers. CNs
are shown in Table 3. 
      Based on the CNs in Table 3, FRs and constraints (Cs) are 

Figure 3. Composition of  an HVAC control system 
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overall HVAC control system 
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defined at the top level. They are as follows: 
FR1 = Minimize a possessed space of  the mount type 

HVAC control system. 
FR2 = Generate appropriate air current in the room. 
FR3 = Make enough cold air. 
FR4 = Minimize the vibration/noise of  the mount type 

HVAC control system. 
FR5 = Maintain purity of  the air quality in the room. 
FR6 = Control the temperature under user’s directions. 
FR7 = Make maintenance and repair of  the system easy. 
They are overall functions required for the mount type 

HVAC control system. It is noted that the functions are 
defined based on the physical objects in the conventional 
design. They are refrigeration cycle, air-flow, drainage, control 
and assembly parts. The above FRs have two more functions 
such as ceiling installation and noise.  

Constraints are defined as well. The constraints provide 
bounds on acceptable design solutions and differ from the 
FRs in that they do not have to be independent. It is generally 
defined from design specifications [Park, 2007]. Constraints 
are defined as follows: 

C1 = Satisfy the first-grade for energy efficiency. 
C2 = Satisfy related standards. 
C3 =Satisfy the product size to sufficiently insert the 

HVAC system between the ceiling and ceiling board. 
C4 = Minimize the production cost. 
To meet FRs, an appropriate set of  DPs are defined as 

follows: 
DP1 = Ceiling type structure 
DP2 = Air current formation system 
DP3 = Mutual assistance system 
DP4 = Vibration/noise reduction system 
DP5 = Air cleaner system 
DP6 = Temperature control system 
DP7 = Maintenance/repair system 
From the FR-DP relationship, the design equation is 

defined as follows:  

   (4) 

where X represents the non-zero elements and O 
represents the zero elements. A non-zero element means that 
a DP has influence on the corresponding FR [Suh, 1990]. 
Since the matrix is triangular, the top level is a decoupled 
design. Therefore, independence of  FRs is guaranteed if  and 
only if  the DPs are determined in a proper sequence. 

3.3 RESULT OF DECOMPOSITION (HIERARCHY) 

The FRs and DPs at the top level are decomposed by 
using the zigzagging mapping process. The decomposition is 
made until the bottom level for components is reached. 
Detailed explanation for the decomposition is omitted here. 
The entire design matrix is shown in Figure 6. The left 
column of  the table represents the FRs and the upper row 
includes the corresponding DPs. The mount type HVAC 
control system has a decoupled design at the top level as 
shown in Equation (4); however, the entire design matrix is a 
non-square matrix as shown in Figure 6. The non-square 
matrix means that the current product has the characteristics 
of  redundant and coupled designs [Suh, 2001]. In this 
research, an effort to fix those aspects is not made. 

4 IMPROVEMENT OF THE DESIGN PROCESS 

AND PRACTICAL APPLICATION 

4.1 COUPLED ASPECTS OF THE EXISTING MOUNT 

TYPE HVAC CONTROL SYSTEM 

As mentioned earlier, the entire matrix is a non-square 
one. This means that some FR-DP relationships are coupled 
at some points of  the hierarchy. In this section, the coupled 
parts are explained. 

An FR is as follows: 
FR222 = Generate the air-flow in the perpendicular 

direction using a rotary motion. 
The existing system has five corresponding DPs as 

follows: 
DP226= The number of  blades 
DP227 = Ratio of  the inside/external diameters  
DP228 = An angle among blades 
DP229 = Shape of  the blade 
DP2210 = Ratio of  pitch/chord 
The DPs are components of  the turbo fan. [Chang et al., 

2002, Kim et al.,  2001] 
The relationship between FR222 and DPs can be 

represented as  
 

Table 3. Required conditions for a mount type HVAC control system 

Customer needs from the general users Customer needs from design engineers 

People should feel cool. 
The room should be cooled as soon as possible. 
The cool air must sufficiently circulate. 
Uniform temperature is required. 
Each vane should be controlled separately. 
Temperature control should be easy. 
Control from a distance is required. 
The machine should operate quietly. 
Energy consumption should be minimized. 

Dust or bad smell should be eliminated. 
The maintenance and management of  the system should 

be easy. 
The system should need a small space and have an 

aesthetic outside shape. 
Regulations should be satisfied. 
Production costs should be minimized. 
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               (5) 

 
Obviously, it is a redundant design and a lot of  feedbacks are 
required [Park, 2007]. The redundant aspects are also found 
from the components parts such as the motor, the orifice, the 
fin of  the evaporator and the condenser, the damper and the 
cabinet EPS. 

There are other two coupled design cases when the 
number of  DPs is less than that of  FRs and the design matrix 
is a full matrix. The turbo fan, the cabinet EPS and the orifice 
have more FRs [Suh, 1990]. Also, the refrigerator cycle has 
more FRs. The refrigerator cycle consists of  three subsystems 
such as the compressor system, the heat exchanger system and 
the capillary tube [Richard et al., 2005]. The FRs and DPs for 
the compressor system are defined as: 

FR31 = Generate the pressure to change the state of  the 
refrigerant. 

FR32 =Generate the air-flow for ability of  air 
conditioning to sufficiently cool the room. 

DP31 = Compressor system 
The relationship is 
 

                             (6) 

 
Therefore, it is a coupled design. The capillary tube has a 

similar tendency. 
The heat exchanger system has slightly different 

characteristics. The FRs, DPs and their relationships are as 
follows: 

FR332 = Change refrigerant from gas to liquid. 
FR333 = Change refrigerant from liquid to gas. 
DP322 = Evaporator system 
DP323 = Condenser system 
 

                    (7) 

 
Since the design matrix in Equation is a full matrix, it is a 

coupled design.  Therefore, the refrigerator cycle is a coupled 
design.  

As mentioned earlier, the coupled design is not good 
from an axiomatic design viewpoint. The coupled design 
should be modified to a uncoupled design or decoupled 
design by selecting a different set of  DPs [Shin and Park, 
2006]. In this research, new DPs are not defined to modify the 
coupled design because of  the sponsor’s request. The design 
matrix shows where the designer should be careful. 

Figure 6. Entire design matrix 
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4.2 DESIGN FLOW 

The conventional design process for a mount type HVAC 
control system has many problems to satisfy diverse demands. 
A design flow can be proposed based on the design matrix 
[Suh, 2001]. A module can be defined by a DP of  the top 
level of  the design hierarchy. The flow of  the modules can be 
defined by the summation, control and feedback junction as 
illustrated in Figure 7. The summation junction is a simple 
summation of  FRs and represents the flow for an uncoupled 
design. It connects parallel modules. The control junction 
represents the sequential control of  DPs as suggested by the 
design matrix for a decoupled design. It links the modules 
sequentially. The feedback junction is for a coupled design. It 
requires feedback and violates the Independence Axiom [Suh, 
1998]. 

The flow of  the top level is illustrated in Figure 8 
according to Equation (4). Because it is a decoupled design, 
the design flow at the top level links the modules sequentially. 
The flow from the entire design matrix has been made; 
however, it is omitted here. The improved design flow is a 
rational way compared to the conventional process where 
each module is independently designed. By showing the 
overall design flow of  the mount type HVAC control system, 
it is easy for designers to understand the overall design 
process and junior designers can follow the design process 
easily. 

4.3 DESIGN MANUAL 

The existing mount type HVAC control system has been 
designed with a somewhat regular standard, but it has defects 
to satisfy diverse demands. The entire design matrix and 
design flow give information to overcome the problems. 
However, it may not be easy for field designers to apply the 
improved design process which utilizes the axiomatic method 
since they are accustomed to the conventional way. A design 
manual is made to practically use the axiomatic design process. 

An example of  the design manual is shown in Figure 9. It 
consists of  the name of  the component which is familiar to 
conventional designers, design characteristics, relationships of  
the components and the related design flow.  

In Figure 9, the name of  Turbo Fan is a familiar word to 

conventional designers. DP226!DP2210 are related DPs to the 
turbo fan and FR222 is a related FR. FR222 can be found when 

the diagonal elements for DP226!DP2210 are X. The X terms in 

the columns of  DP226!DP2210 are found and the 
corresponding FRs are found, then they are related FRs in 
Figure 9. And the X terms in the row of  FRs is found and 
they are related DPs. Therefore, related FRs and components 
for a certain component can be easily found. FRs, DPs, the 
characteristics and the flow are related to others by hyperlinks. 

5 CONCLUSIONS 

A rational and effective design process for a mount type 
HVAC control system is proposed by an axiomatic design 
process using the Independence Axiom. The hierarchy of  the 
design is made by decomposition of  FRs and DPs and the 
entire design matrix is made based on the hierarchy. The 
design flow is established from the design matrix and a design 
manual is made to exploit the new design process in practice. 

We found some differences between the conventional 
design and improved design process using axiomatic design. 
The conventional way is mostly summation after designing 
modules and the design process generally links the modules 
sequentially. The improved design process is more effective 
for designers not only to understand the overall design 
process, but also to meet the diversity of  demands for 

Figure 9. An example of  the design manual 
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Figure 8.  Design flow of  a mount type HVAC 
control system 
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customers or designers for the mount type HVAC control 
system. 

It is noted that there are coupled and redundant aspects 
for ability of  air-cooling (air-flow, refrigeration cycle) and 
noise in the HVAC system. It is known that the design process 
is fairly inefficient and time-consuming because there are a lot 
of  feedbacks. At this moment, coupled aspects are identified 
and design change is not carried out. Future research is 
needed to change the coupled parts. 
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ABSTRACT 

One of  the most active areas of  engineering design today 
is a modular design method to design and to produce a large 
variety of  product in a limited time and a lower cost.  
Decomposition of  system into modules is the most important 
part of  the modular design method.  Design Structure Matrix 
(DSM) has been proposed for efficient modularization.  
However, DSM does not indicate the design flow.  It is well 
known that a good design flow can be defined by axiomatic 
design.  In this paper, a rational method is presented to define 
modules considering relationships between functional 
requirements and design parameters and interactions of  
design parameters within.  The Independence Axiom of  
Axiomatic design and Design Structure Matrix (DSM) are 
utilized for efficient modularization of  a design system and 
the design flow without feedbacks.  The method is applied to 
the ceiling type air conditioner and the results are analyzed. 

Keywords: Design Structure Matrix (DSM), Decomposition, 
Modular design. 

 

1 INTRODUCTION 

The increasing heterogeneity in contemporary 
marketplaces, wider income distribution, and the slower 
growth within the market, are driving the need for increased 
product variety [Martin and Ishii, 2002].  Developing robust 
product platform architectures with modular and standardized 
components could enhance the ability of  companies to bring 
products to the market faster and gain an important 
competitive advantage [Pine, 1993].  The major benefits of  a 
modular design include: efficient upgrades; reduced 
complexity; reduced costs; rapid product development and 
improved knowledge structuring [Muffato, 1999, O’Grady and 
Liang, 1998]. 

The first step is a rational module definition to utilize 
these advantages of  the modular design.  The Design 
Structure Matrix (DSM) approach is one of  the well-known 
methods to define rational modules.  The DSM is a popular 
representation and analysis tool for system modeling, 
especially for purposes of  decomposition and integration.  A 
DSM displays the relationships between components of  a 
system in a compact, visual, and analytically advantageous 
format [Browning, 2002] and decomposes a system into sub-

systems from the viewpoint of  an inter-relationship between 
components of  the system.  The decomposed sub-system can 
be used as a module in the system design and manufacturing. 

Although DSM can define the modules from a viewpoint 
of  relationships between components, the DSM cannot 
consider the relationships between functions and the 
components of  the systems.  These relationships between 
functions and components are quite important information to 
design the system and/or the modules.  How to design a 
system with the modules which are defined by the DSM 
approach is still an issue to be solved because of  the absence 
of  the relationship information.  To overcome these 
difficulties, a new decomposition method is required to define 
rational modules to consider the relationships between 
functions of  the system and the components. 

Axiomatic design can be the solution to overcome the 
presented difficulties.  There are some researches to link 
axiomatic design and DSM to define modules to consider the 
system design.  Dong and Whitney [2001] claimed that if  the 
axiomatic design matrix can be expressed analytically and one 
design parameter (DP) is dominant in satisfying a particular 
functional requirement (FR), then the triangulated design 
matrix is equivalent to the DSM of  the design parameters.  
The analytical expression of  the axiomatic design matrix, 
however, is very difficult and sometimes impossible when 
designing complex systems.  Guenov and Barker [2005] 
proposed the COPE (decomposition-integration of  COmplex 
Product Environments) model to define effective modules for 
a new product that has never been designed but the COPE 
model has the same difficulties of  the Dong and Whitney’s 
method because the authors adopt the same idea of  the Dong 
and Whitney’s method to link axiomatic design matrix and 
DSM. 

In this paper, a new method is proposed to link the 
axiomatic design and DSM approach to define effective and 
rational modules from the viewpoint of  a design and 
manufacturing.  The proposed method uses DSM and 
axiomatic design simultaneously to define modules, and 
axiomatic design is solely used to design the system and/or 
defined modules.  The modules which considered 
relationships between components, and relationships between 
functions of  the system and components can be defined with 
the proposed method.  A mount type HVAC system is used to 
verify the proposed method and the results are discussed. 
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2 DESIGN STRUCTURE MATRIX 

The DSM is a popular representation and analysis tool 
for system modeling, especially for purposes of  
decomposition and integration.  There are two main 
categories of  DSMs: static and time-based.  Static DSMs 
represent system elements existing simultaneously, such as 
components of  a product architecture or groups in an 
organization.  Static DSMs are usually analyzed with clustering 
algorithms [Pimmler and Eppinger, 1994].  In time-based 
DSMs, the ordering of  the rows and columns indicates a flow 
through time: upstream activities in a process precede 
downstream activities, and terms like “feedforward” and 
“feedback” become meaningful when referring to interfaces 
[Eppinger et al, 1994].  Time-based DSMs are typically 
analyzed using sequencing algorithms [Steward, 1981, 
Browning, 2001].  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 the Table 1. 

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 [Pimmler and Eppinger, 
1994] and the process is shown in Figure 1: 

1) Decompose system into elements: Describe the 
product concept in terms of  functional and/or 
physical elements which achieve the product's 
functions. 

2) Document the interactions between elements: 
Identify the interactions which may occur between 
the functional and physical elements. 

3) Cluster the elements into modules: Cluster the 
elements into chunks based on criteria set by the 
overall product design strategy of  the team.  These 
chunks then define the product architecture and 
system team structure. 

A component-based DSM documents interactions among 
elements in a system architecture.  The number and 
definitions of  the interaction types can be different by the 
given design problem, and Pimmler and Eppinger [1994] 
suggested four types as follows: 

Spatial: A spatial-type interaction identifies needs for 
adjacency or orientation between two elements. 

Energy: An energy-type interaction identifies needs for 
energy transfer between two elements. 

Information: An information-type interaction identifies 
needs for information or signal exchange between two 
elements. 

Material: A material-type interaction identifies needs for 
materials exchange between two elements. 

The interactions should be quantified to describe 
strengths of  relationships between elements.  The 
quantification can be different by the design problems, and 
Pimmler and Eppinger [1994] suggested a five-point scale (-2, 
-1, 0, 1, 2) based on the relative need for each interaction type.  
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 genetic algorithm 
(GA), fuzzy logic, distance penalty algorithm [Rissinen, 1978], 
and so forth.  Figure 2 illustrates an example of  the 
component-based DSM of  a climate control system of  an 
automobile researched by Pimmler and Eppinger [1994]. 

Decompose the System into 
Elements 

Document the Interactions 
between Elements 

Cluster the Elements into 
Chunks 

Figure 1.  Decomposition process of  component-based 
DSM 

Table 1.  Four types of  DSMs 

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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Although DSM provides a powerful technique for the
analysis and decomposition of  the complex system, DSM 
presents some difficulties to reflect the relationships between 
the functions of  the system and elements of  the DSM.  How 
to design the system with the clustered modules and/or 
elements, therefore, is still an issue to be solved.  To overcome 
this difficulty, a new decomposition method which can 
consider the relationships between functions and elements is 
required.

 

3 DECOMPOSITION PROCESS OF 

ENGINEERING SYSTEMS 

3.1 RELATIONSHIP BETWEEN AXIOMATIC DESIGN 

AND DSM 

To analyze and decompose the system with DSM, three 
steps of  operation are required as illustrated in Figure 1.  The 
most important step among these three steps is the second 
step because the system is decomposed based on the 
quantified relationship information of  this step.  The 
quantification of  the relationship can be obtained by various 
ways such as interviewing and surveying engineering team 
members, researching on the existing hardware and so forth.  
Relationship tables are used to summarize and quantify the 
relationships between elements and Figure 3 illustrates a 
relationship table example. 

This quantification of  relationship is based on the 
knowledge of  the engineering members and/or experts who 
has well-structured knowledge about the system.  The 
knowledge of  the engineering members and/or experts 
includes information about the functions of  the elements, 
interactions between elements, characteristics of  the system, 

and so forth. The functional requirement [Suh, 1990, 2000]
of  the system, moreover, is also included in the knowledge 
about the system.  Knowledge of  functional requirements can 
be found in the relationship table in Figure 3.  In the 
relationship table, basic functions of  the element are 
explained first, and then the relationships between the 
elements is explained and quantified for four interaction types.  
The relationship table shows that functional requirements of  
the system are implicitly used in decomposition of the system
using DSM.  

In this paper, a new decomposition method to link 
axiomatic design and DSM is proposed based on the 
functional requirements which are implicitly used to 

(a) DSM of  the climate control system example (b) Clustered DSM of  the climate control system example 

Figure 2.  DSM example for an air-climate control system of  an automobile (adopted from 
Pimmler and Eppinger [1994]) 

Figure 3.  Relationship table of  climate control 
system of  an automobile (adopted from Pimmler and 

Eppinger [1994]) 
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decompose the system using DSM.  Implicitly used functional 
requirements are expressed explicitly to link axiomatic design 
and DSM.  After the explicit expression of  functional 
requirements, design parameters corresponding to each 
functional requirement are selected from the existing sub-
system, individual part, and/or parameters.  The axiomatic 
design matrix, then, is constructed with the defined functional 
requirements and design parameters.  

3.2 DECOMPOSITION PROCESS 

The process of  the proposed decomposition method is 
illustrated in Figure 4 and the processes are as follows: 

Step 1. Decompose system into elements: the 
system is described with a set of  sub-systems and/or 
individual parts. 

Step 2. Document the interactions between 
elements: strengths of  relationships between the elements 
are described.  The relationship tables can be used in this 
step. 

Step 3. Cluster the elements into modules: the 
system is decomposed into a set of  modules. 
The process before this step is the same as the process 
using the original DSM approach.  The defined modules at 
the first iteration of  the process are the same as the 
modules defined using the original DSM approach, but the 
modules can be changed through the iteration of  the loop.  
After the final iteration of  the process, the modules at this 
step can consider the relationships between elements and 
the relationships between functional requirements and 
elements. 

Step 4. Mapping DSM to the axiomatic design 
matrix: axiomatic design and DSM are linked.  In this step, 
the relationship tables of  step 2 are used to express 
functional requirements of  the system and to select design 
parameters corresponding to each functional requirement.  
After the expression of  functional requirements and 
selection of  design parameters, the axiomatic design 
matrix is constructed based on these functional 
requirements and design parameters. 

Step 5. Triangulate axiomatic design matrix: the 
independency of  the functional requirements is checked 
from the viewpoint of  modules which are defined at step 
3. 

Step 6. If  the system satisfies the Independence 
Axiom of  axiomatic design [Suh, 1990, 2000], the modules 
are fixed and the process is terminated.  If  the system 
does not satisfy the Independence Axiom, unfortunately, 
the modules should be redefined in step 3 and the process 
continues until the system satisfies the Independence 
Axiom. 

The modules defined through the proposed process can 
consider physical and logical relationships between elements, 
and relationships between functional requirements of  the 
system and elements simultaneously.  The design procedure of  
the system with defined modules and the design procedures 
of  the modules with constituent elements can be defined 
according to axiomatic design.  And the defined modules also 
have merits for manufacturing and assembling of  the system 
because the modules inherit the strengths of  the DSM. 

 

4 DECOMPOSITION OF A MOUNT TYPE HVAC 

SYSTEM 

The proposed method is applied to a mount type HVAC 
system.  A mount type HVAC system is a type of  HVAC 
system which is installed between a ceiling and ceiling boards.  
Because the mount type HVAC system takes minimum space 
in the room and can control the climate of  the room, the 
market share of  this mount type HVAC system is gradually 
increasing these days. 

There are already decomposed modules of  the mount 
type HVAC system and the modules are defined using the 
original DSM approach.  The HVAC system was decomposed 
with about seventy elements which consist of  sub-assemblies 
and/or individual parts, because the modules should be 
decomposed at the assembly level of  the air-conditioner.  The 
relationships between elements are defined according to five 
interaction types: spatial, information and so forth.  After the 
clustering of  the constructed DSM, ten modules are defined 
to consider the relationships between components. 

In this paper, the proposed decomposition method is 
verified with the existing defined modules using the original 
DSM approach.  The verification was started at step 4, 
because there was a clustered DSM of  the air-conditioner.  
Relationship tables were made to define the functions of  the 
elements and to quantify the relationships between the 
elements, and one of  the relationship tables is shown in Table 
2.  Interviewing and surveying of  engineering members and 
experts are performed and performance estimation software is 

Start 

Document the interactions between elements 

Mapping DSM to Design Matrix 

Triangulate DM 

End 

Yes 

Cluster elements into modules 

 
Are 

convergence criteria 

satisfied? 

No 

Decompose the system into elements 

Figure 4.  Decomposition process using axiomatic 
design and DSM 
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used to make the relationship tables.  About eighty functional 
requirements are defined based on the contents of  the 
relationship tables and design parameters corresponding to 
each functional requirement are selected within the air-
conditioner.  The axiomatic design matrix was obtained based 
on the defined functional requirements and design parameters, 
and the matrix is shown in Figure 5. 

From the axiomatic design matrix in Figure 5(b), 
independences of  functional requirements between the 
defined modules can be found.  The design procedure of  the 
system with defined modules, moreover, can be defined, and 
the design processes of  the modules with constituent 
elements also can be defined from the axiomatic design matrix 
in Figure 5(b). 

 

5 CONCLUSIONS 

In this paper, a new decomposition method is presented 
to define rational modules considering relationships between 
elements, and between functional requirements of  the system 
and elements.  To define the rational modules, axiomatic 
design and design structure matrix (DSM) is linked through 
the implicitly existed functional requirements in the DSM.  
The proposed decomposition method is applied to the A 
mount type HVAC system and the defined modules are 
analyzed.  From the axiomatic design matrix obtained during 
the process, the design procedure of  the system and the 
design processes of  the modules are defined to design the 
system efficiently based on axiomatic design. 

Although the proposed decomposition method can 
define rational modules of  the system, so far, it only can be 
adopted to existing systems.  In many cases, the modules 
should be defined during the early stage of  a design process 
of  a new system.  In this viewpoint, further development of  
the proposed method is required for the design of  the new 
system. 
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!*&"'";!*;+;#+;&!&K+>//-61',,+7-+73'(+/-,/*574+73*+1*(',,+56-/*((+
1*G*0-5(+=6-1+73*+3',3*(7+ 0*G*0+-= +0F(760/7'O07'-,+7-+73*+ 0*G*0+

THE IDEAS DIAGRAM IN CREATIVE DESIGN 

 

b8="%(c'=+?9@7'(%8(=A+
(007'd7/1K7:'0('K6-+

?*50671*,7+-= +B0/3',*+B0,:=0/7:6',,+<*/3,-0-,D4+
C0/:07D+-= +B0/3',*+B0,:=0/7:6',,+0,1+%,1:(76'00+

B0,0,*1*,74+
<3*+P,'G*6('7D+eV3K+>(0/3'f+-= +%0g'+

%0g'4+D666E64+F-10,'0+
+

G8(8+0#&=(A+
-0,01d7/1K7:'0('K6-+

?*50671*,7+-= +B0/3',*+B0,:=0/7:6',,+<*/3,-0-,D4+
C0/:07D+-= +B0/3',*+B0,:=0/7:6',,+0,1+%,1:(76'00+

B0,0,*1*,74+
<3*+P,'G*6('7D+eV3K+>(0/3'f+-= +%0g'+

%0g'4+D666E64+F-10,'0+

+ ?8")8"%78+.#7%8c@A+
1/-7*070d7/1K7:'0('K6-+

?*50671*,7+-= +B0/3',*+B0,:=0/7:6',,+<*/3,-0-,D4+
C0/:07D+-= +B0/3',*+B0,:=0/7:6',,+0,1+%,1:(76'00+

B0,0,*1*,74+
<3*+P,'G*6('7D+eV3K+>(0/3'f+-= +%0g'+

%0g'4+D666E64+F-10,'0+
+

/9%:%'+4#$8A+
0h7-/0d10'0K:71K11+

?*50671*,7+-= +B0/3',*+B0,:=0/7:6',,+<*/3,-0-,D4+
C0/:07D+-= +i,,',**6',,+0,1+B0,0,*1*,7+

',+B0/3',*+B0,:=0/7:6',,4+
<3*+<*/3,'/00+P,'G*6('7D+-= +B-010G'0+

H3'g',]:4+F*5:F0'/+-= +B-01-G0+
+



45%+'&%8*+&'8)"8;+'(+$"%87'6%+&%*')(+
45%+6',75+-(7%"(87'#(89+.#(,%"%($%+#(+/:'#;87'$+0%*')(+
.8;<=*+&%+.8<8"'$8+>+?8"$5+1@A1BC+1223+
+

j6+ + H-5D6',37+E+566I+FD+%H>?566I+

H3'/3+56-G'1*(+1:07'50*+1*70'0(K+>+,6053'/00+ 6*56*(*,707'-,+ [0+
1'0,601\+ '(+ :(*1+ 7-+ *1530('O*+ 1'==*6*,7+ 3'*606/3'/+
0F(760/7'O07'-,+0*G*0(I+-= +/-:6(*4+73*+0<'-107'/+1*(',,+',G-0G*(+
73*+ O',O0,,',,+ F*7H**,+ 73*+ =:,/7'-,00+ 6*M:'6*1*,7(+ ',+
=:,/7'-,00+1-10',+ 0,1+1*(',,+50601*7*6(+ ',+53D('/00+1-10',+
U?6],3'/'+0,1+^0,/':4+566D4+a0,,+0,1+230,,4+5666YK+

2 ANALYSIS 

2.1 DEFINITION OF THE IDEAS DIAGRAM 

S,*+ -= + 73*+ 1*73-1(+ 0F0*+ 7-+ -==*6+ 10,D+ G06'0,7(+ -= +
*M:'51*,7+ '(+ &!&+ '&&!#3+ ## + &!&+ '#"!!#%#,*;'%+ ''&"*;&(B+ C-6+ 73*+
('150*(7+ /0(*4+ H3*,+ 73*+ *M:'51*,7+ 7-+ F*+ 1*(',,*1+ ',/0:1*(+
-,0D+7H-+/-15-,*,7(4+73*+1*73-1+-= +1-653-0-,'/00+1076'/*(+
'150'*(+73*+*00F-607'-,+-= +0+70F0*+',+H3'/34+',+73*+='6(7+G*67'/00+
/-0:1,4+ =6-1+ F-77-1+ 7-+ 7-54+ 1'==*6*,7+ G06'0,7(+ =-6+ 73*+ ='6(7+
/-15-,*,7+ 06*+ (5*/'='*1+ 0,14+ -,+ 73*+ 00(7+ 0',*4+ =6-1+ 0*=7+ 7-+
6',374+ 73*+ 1'==*6*,7+ G06'0,7(+ =-6+ 73*+ (*/-,1+ /-15-,*,7+ 06*+
',/0:1*1K+ %,+ (:/3+ 0+ /0(*4+ 73*+ 6*(7+ -= + 73*+ 70F0*+ (50/*(+ (3000+
6*56*(*,7+ 000+ 73*+ 1'==*6*,7+ /-1F',07'-,(+ -= + 73*+ 7H-+
/-15-,*,7(+ :,1*6+ /-,('1*607'-,K+S= + /-:6(*4+ (-1*+-= + 73*(*+
/-1F',07'-,(+ (3-:01+ F*+ -6',',00+ 0,1N-6+ (:5*6'-6+ 7-+ 73*+
J,-H,+ /-1F',07'-,(+ 0,1+ 73*(*+ ,*H+ /-1F',07'-,(+ /-:01+
56*(*,7+ 0+ (5*/'00+ ',7*6*(7+ 7-+ 73*+ /6*07'G*+ 1*(',,*6+ U^*0-:(4+
WII5YK++

%= + 73*+ /-,('1*6*1+ *M:'51*,7+ ',/0:1*(+ ,-7+ -,0D+ 7H-+
/-15-,*,7(4+ F:7+ 10,D+ (:/3+ /-15-,*,7(4+ 73*+ 1*73-1+ -= +
1-653-0-,'/00+1076'/*(+30(+7-+:(*+(507'00+6*56*(*,707'-,(+-6+',+
/0(*+-= +1-6*+730,+X+/-15-,*,7(4+01*M:07*+H0D(+7-+6*56*(*,7+
(50/*(+H'73+1-6*+730,+X+1'1*,('-,(K+

^:7+ 73*+ 1*73-1+ -= + 1-653-0-,'/00+ 1076'/*(+ (**1(+ 7-+
(:,,*(7+ 0+ /0-(*1+ (D(7*14+ H3'/3+ '(+ ,-7+ 0F0*+ 7-+ /-,('1*6+ 73*+
5-(('F'0'7D+7307+-,*+-6+10,D+,*H+G06'0,7(+=-6+73*+/-15-,*,7(+
(3-:01+ F*+ '1*,7'='*1+ 0=7*6+ 73*+ 1-1*,7+ H3*,+ 73*+ /00(('/00+
1-653-0-,'/00+1076'<+H0(+F:'07K+S,*+/0,+00(-+0556*/'07*+ 7307+
73*+1*73-1+-= + 73*+1-653-0-,'/00+1076'<+1-*(+,-7+ 000-H+ 73*+
1'6*/7+ ',7:'7'-,+ -= + 73*+ 5-(('F0*+ (-0:7'-,(K+ k'73',+ 73*+ ='6(7+
(70,*4+-,0D+ (-1*+ 00530,:1*6'/00+ (D1F-0(+ 06*+ ',/0:1*1+ ',+ 73*+
70F0*+(50/*(+0,1+73'(+0/7'G'7D+'(+3',30D+0F(760/7K++

<-+ 1'1','(3+ 73*(*+ ',/-,G*,'*,7+ 0(5*/7(4+ 73*+ (-+ /000*1+
3*',"''+## + *3&'(+(3-:01+F*+:(*1K+S= +/-:6(*4+73*6*+06*+1'==*6*,7+
G06'0,7(+-= + '1*0(+1'0,601+U^*0-:(4+WII54+T0]7',*0,:+0,1+?:g04+
5665YK+

+%,+ 73*+/0(*+0,00DO*1+ ',+73'(+505*64+ ',+56',/'50*4+73*+ '1*0(+
1'0,601+ '(+ 0+ ,6053'/00+ 6*56*(*,707'-,+ ',+ H3'/3+ 1'==*6*,7+
/-15-,*,7(+-= + 73*+ *M:'51*,7+ 06*+ *1530('O*1+ FD+1*0,(+-= +
(-1*+ 6*/70,,0*(+ 500/*1+ 00-,,+ 0+ 3-6'O-,700+ 0',*K+ P,1*6+ *0/3+
(:/3+/-15-,*,74+00-,,+0+G*67'/00+0',*4+1'==*6*,7+G06'0,7(+-= +73*+
*M:'51*,7+ /-15-,*,7(+ 06*+ *1530('O*1+ 00(-+ FD+ 73*+ :(*+ -= +
6*/70,,0*(K+%= +0+/-15-,*,7+-= +73*+*M:'51*,7+'(+(D1F-0'O*1+FD+
73*+0*77*6+>4+1'==*6*,7+G06'0,7(+-= +73*+/-15-,*,7+>+6*/*'G*+73*+
(D1F-0(+>W4+>54+>X+*7/K++

C-6+ /-15-,*,7(+ -= + 73*+ *M:'51*,7+ 7-+ F*+ 1*(',,*14+
1'==*6*,7+56-5*6+ (76:/7:600+ (:F0((*1F0'*(+/-:01+F*+ 70J*,+ ',7-+
/-,('1*607'-,4+ F:7+ 73'(+ /-,1'7'-,+ '(+ ,-7+ 6*(76'/7'G*K+<3:(4+ =-6+
*<0150*4+ 73*+5-('7'-,+-= + 73*+ (:F0((*1F0D+ [07+ 73*+ 7-54+ 07+ 73*+
F-77-14+-,+73*+6',37+('1*4+-,+ 73*+ 0*=7+('1*+*7/K\4+73*+/-0-64+73*+
1'1*,('-,(4+73*+(305*(+*7/K+/-:01+F*+00(-+/-,('1*6*1K++

>7+ 73*+ F-77-1+ *,1+ -= + *0/3+ /-0:1,+ -= + 6*/70,,0*(4+
6*/70,,0*(+',/0:1',,+-,0D+73*+M:*(7'-,+106J+(3-:01+F*+500/*14+

(-+0(+7-+(:,,*(7+7307+0+,*H+G06'0,7+/-:01+*<'(74+F:7+73'(+G06'0,7+
'(+ ,-7+ J,-H,+ H3*,+ 73*+ '1*0(+ 1'0,601+ '(+ *00F-607*1K+ T:/3+ 0+
6*/70,,0*+ ',/0:1',,+ -,0D+ 73*+ M:*(7'-,+ 106J+ /-:01+ 00(-+ F*+
500/*1+ 00-,,+ 73*+ 3-6'O-,700+ 0',*+ ',+ H3'/3+ 1'==*6*,7+
/-15-,*,7(+[>4+ 4̂+H+*7/K\+-= +73*+*M:'51*,7+06*+1*,7'-,*14+7-+
(:,,*(7+ 7307+ -73*6+ /-15-,*,7(+ /-:01+ 00(-+ *<'(74+ F:7+ 73*(*+
/-15-,*,7(+ 06*+ ,-7+ J,-H,+ H3*,+ 73*+ '1*0(+ 1'0,601+ '(+
*00F-607*1K+ <3*6*+ '(+ 73*+ -5','-,+ 7307+ 73*+ '1*0(+ 1'0,601+ '(+
1-6*+ :(*=:0+ H3*,+ ',+ 73*+ 6*/70,,0*+ 1*(7',*1+ 7-+ 56*(*,7+ 0+
/*670',+G06'0,7+-= +0+/-15-,*,74+0+('150*+160=7+-= +73'(+G06'0,7+
'(+ ',/0:1*1+ U^*0-:(4+WII5YI+ ',+(:/3+0+H0D4+73*+/-1F',07'-,+-= +
73*+ G06'0,7(+ 7-+ '1*,7'=D+ ,*H+ 0,1+ '156-G*1+ *M:'51*,7+
(-0:7'-,(+(**1(+7-+F*+=0/'0'707*1K+

2.2 ELABORATING THE IDEAS DIAGRAM 

<-+*<*150'=D+73*+H0D+7-+F:'01+73*+'1*0(+1'0,6014+-,*+/0,+
/-,('1*6+ 73*+/0(*+-= +1*(',,',,+ 0+1*G'/*+ =-6+ 73*+ (7:1D+-= + 73*+
*==*/7(+*<*67*1+FD+73*+0F60('G*+,60,:0*(+-,+73*+(:6=0/*+00D*6+-= +
0+56--= +(0150*+[=',K+W\K+^0('/000D4+(:/3+0+1*G'/*+30(+7-+ ',/0:1*+
73*+ 5'(7-0+ =-6+ (0,1F00(7+ /0*0,',,+ 0,1+ 73*+ 56--= + (0150*K+ <-+
*1530('O*+73*+1'==*6*,7+/-,1'7'-,(+0F0*+ 7-+1-1'=D+73*+ '150/7+
*==*/7+-= + 73*+0F60('G*+,60,:0*(+-,+73*+56--= +(0150*+107*6'004+
'7+'(+,*/*((06D+7-+1-1'=D+73*+1'(70,/*+0+F*7H**,+73*+5'(7-0+,-(*+
0,1+73*+56--= +(0150*+(:6=0/*+0,1+00(-+ 7-+1-1'=D+ 73*+0,,0*+l+
-= +73*+1'6*/7'-,+00-,,+H3'/3+73*+0F60('G*+,60,:0*(+06*+1'6*/7*1+
7-+73*+56--= +(0150*K+S= +/-:6(*4+73*+*M:'51*,7+[73*+1*G'/*\+7-+
F*+ 1*(',,*1+1:(7+ 70J*+ ',7-+ /-,('1*607'-,+ 73'(+ ','7'00+ 1*(',,+
',=-6107'-,K+

C',:6*+5+(3-H(+73*+'1*0(+1'0,601+*00F-607*1+(-+0(+7-+=',1+
1'==*6*,7+ G06'0,7(+ -= + 73*+ *M:'51*,7+ 7-+ F*+ 1*(',,*1K+ >(+
/-15-,*,7(+ -= + 73*+ 1*G'/*4+ 73*+ =-00-H',,+ /-15-,*,7(+ H*6*+
/-,('1*6*1R+73*+(:F0((*1F0D+=-6+73*+/30,,',,+-= +73*+1'(70,/*+%+
F*7H**,+ 73*+ ,-(*+ 0,1+ 73*+ 56--= + (0150*+ (:6=0/*4+ 73*+
(:F0((*1F0D+ =-6+ 73*+ /30,,',,+ -= + 73*+ ('O*+ -= + 73*+ 0,,0*+ J++
F*7H**,+73*+1'6*/7'-,+-= +73*+0F60('G*+,60,:0*(+0,1+73*+56--= +
(0150*+ (:6=0/*4+ 73*+ (305*+-= + 73*+ F0(*+5'*/*+:(*1+ 0(+ (:55-67+
-= + 73*+ /-15-,*,7(4+ 73*+56'-6'7D+-= + 73*+ ='6(7+5'*/*+500/*1+-,+
73*+ (:55-67+5'*/*+ [73*+ (:F0((*1F0D+ =-6+ 73*+1-1'=D',,+-= + 73*+
1'(70,/*+ %+-6+73*+(:F0((*1F0D+=-6++1-1'=D',,+73*+0,,0*+J\K+S= +
/-:6(*4+73*+-73*6+(:F0((*1F0'*(+/-:01+00(-+F*+/-,('1*6*14+F:7+
73*D+H*6*+,-7+:(*1+ =-6+ 73*+*00F-607'-,+-= + 73*+ '1*0(+1'0,601+
56*(*,7*1+',+=',:6*+54+(-+0(+7-+0G-'1+0+7--+/-150'/07*+,6053'/00+
6*56*(*,707'-,K+

+

+
+
+
6')="%+KA+-('7'89+$#(&'7'#(*+7#+&%*')(+8+&%6'$%+,#"+75%+
*7=&L+#, +';<8$7+#, +8C"8*'6%+<8"7'$9%*+M'75+75%+<"##, +

*8;<9%+*=",8$%A+



45%+'&%8*+&'8)"8;+'(+$"%87'6%+&%*')(++
45%+6',75+-(7%"(87'#(89+.#(,%"%($%+#(+/:'#;87'$+0%*')(+

.8;<=*+&%+.8<8"'$8+>+?8"$5+1@A1BC+1223+
+

H-5D6',37+E+566I+FD+%H>?566I+ + jW+

+

2.3 EMPHASIZING THE POSSIBILE SOLUTIONS 

<3*+ '1*0(+1'0,601+ '(+-,*+-= + 73*+ ='6(7+ (70,*(+:(*1+ ',+ 73*+
='*01+-= +73*+/6*07'G*+1*(',,K+>=7*6+'1*,7'=D',,+1'==*6*,7+G06'0,7(+
=-6+ *0/3+ /-15-,*,7+ -= + 73*+ *M:'51*,7+ 7-+ F*+ 1*(',,*14+ 73*+

/-1F',07'-,(+ -= + 73*(*+ /-15-,*,7(+ 06*+ 7-+ F*+ 0,00DO*1K+
?'==*6*,7+ /-1F',07'-,(+ /0,+ F*+ *1530('O*1+ FD+1*0,(+-= + 73*+
00530,:1*6'/00+ (D1F-0(+ -= + 73*+ /-15-,*,7(K+ C-6+ *<0150*4+
>5^WH5?5+ /-:01+ F*+ 73*+ (D1F-0+ -= + 73*+ *M:'51*,7+ =-6+ 73*+
'150/7+ (7:1D+ H3'/3+ ',/0:1*(+ 0+ 1*/30,'(1+ =-6+ 73*+
1-1'='/07'-,+-= + 73*+1'(70,/*+ %+ FD+1*0,(+-= +0+ 60/J+,*06',,4+0+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

C')="%+1A+-&%8*+&'8)"8;+%98C#"87%&+'(+75%+$8*%+#, +75%+%N='<;%(7+,#"+75%+%:<%"';%(789+*7=&L+#, +75%+';<8$7+
%,,%$7+#, +75%+8C"8*'6%+)"8(=9%*+M'75+75%+*=",8$%+#, +75%+<"##, +*8;<9%A++

+

0Om-.O+6GD+4PO+
-?!/.4+?4Q0R+

/A+?=C8**%;C9L+
,#"+;#&',L'()+
75%+&'*78($%+9+

SA+?=C8**%;C9L+
,#"+;#&',L'()+
75%+8()9%+E+

.A+S8*%+<8"7+ 0A+6'"*7+
*=C8**%;C9L+
<98$%&+#(+75%+
C8*%+<8"7+

^XK+B-7'-,+FD+
:(',,+0+H-61+0,1+

H-61+,*06+

>WK+B-7'-,+FD+
10,:00+,0'1',,+

+

^5K+B-7'-,+FD+
:(',,+0+/'6/:006+
60/J+,*06',,+

+

^WK+B-7'-,+FD+
10,:00+,0'1',,+

00-,,+73*+/'6/:006+
60/J+

+

+
n+

>XK+B-7'-,+FD+:+
(',,+0+1*/30,'(1+

(/6*H+,:7+

+

>5K+B-7'-,+FD+
:(',,+0+60/J+
,*06',,+

+

+
T+

+

+
n+
+

?5K+T:F0((*1F0D+
=-6+1-1'=D',,+

73*+0,,0*+J+

+

?WK+T:F0((*1F0D+
=-6+1-1'=D',,+
73*+1'(70,/*+%+

+

+
n+

H5K+B*7000'/+5007*+

+

HWK+B*7000'/+
/-0:1,+

+

+
n+

>KoK+B-7'-,+FD+
:(',,+0+,:7+0,1+0+
736*01*1+/-0:1,+

+



45%+'&%8*+&'8)"8;+'(+$"%87'6%+&%*')(+
45%+6',75+-(7%"(87'#(89+.#(,%"%($%+#(+/:'#;87'$+0%*')(+
.8;<=*+&%+.8<8"'$8+>+?8"$5+1@A1BC+1223+
+

j5+ + H-5D6',37+E+566I+FD+%H>?566I+

1*/30,'(1+ =-6+1-1'=D',,+ 73*+ 0,,0*+ J4+ F0(*1+ -,+ 73*+10,:00+
,0'1',,+00-,,+73*+/'6/:006+60/J4+0+1*7000'/+5007*+0(+F0(*+5067+0,1+
',+H3'/3+ 73*+='6(7+ (:F0((*1F0D+500/*1+-,+ 73*+F0(*+5067+ '(+ 73*+
(:F0((*1F0D+=-6+1-1'=D',,+73*+0,,0*+JK++

>00+ 73*+ G06'0,7(+ -= + 73*+ *M:'51*,7+ =-6+ 73*+ '150/7+ (7:1D+
/-:01+ F*+ 500/*1+ 00-,,+ 0+ G*67'/00+ /-0:1,+ -6+ 73*D+ /-:01+ F*+
*1530('O*1+ FD+ :(',,+ '+ ''&"*1+ -6+ 73*+ (-+/000*1+ #"3*+'&&+
&+8'&"'&*+,+'&&!#3B+

2.4 DIMINISHING THE NUMBER OF THE SOLUTIONS 

TO BE ANALYSED IN DETAIL 

T-1*7'1*(4+ 73*+ ,:1F*6+ -= + 73*+ /-1F',07'-,(+ /-:01+ F*+
G*6D+3',3I+',+(:/3+0+/0(*+'7+/-:01+70J*+(-1*-,*+0+,6*07+01-:,7+
-= + 7'1*+ 7-+ *<01',*+ 000+ 73*+ G06'0,7(+ 0,14+ =-6+ 73'(+ 6*0(-,4+
1*73-1(+7-+6*(760',7+73*+,:1F*6+-= +G06'0,7(+7-+F*+0,00DO*1+',+
1*70'0+/-:01+F*+:(*1K++

%,+ 73*+ /0(*+ -= + 73*+ 1*G'/*+ =-6+ 73*+ '150/7+ (7:1D4+ 73*+
,:1F*6+-= + 73*+G06'0,7(+/0,+F*+1*7*61',*1+0(+73*+56-1:/7+-= +
73*+,:1F*6(+-= +G06'0,7(+=-6+*0/3+(:F0((*1F0DR+

482234 =!!!=
v

N + + ++++[W\+
%7+ '(+ 1'=='/:07+ 7-+ 0,00DO*+ ',+ 1*70'0+ 000+ 73*+ oj+ (-0:7'-,(+

5-(('F0*+ =6-1+ 0+ 73*-6*7'/00+ 5-',7+ -= + G'*HK+ S,*+ /0,+ 76D+ 7-+
1'1','(3+73*+,:1F*6+-= +73*+(-0:7'-,(+7-+F*+0,00DO*1+',+1*70'0K++

<3:(4+-,*+/0,+,-7'/*+7307+73*+:(*+-= +73*+5007*+0(+(:55-67+
5'*/*+ [73*+ G06'0,7+ H5\+ /-:01+ F*+ /-,('1*6*1+ 0,+ *<5*,('G*+
(-0:7'-,I+ 73'(+ G06'0,7+ /-:01+ ,-7+ F*+ 70J*,+ ',7-+ 0//-:,7K+
<3*6*=-6*4+ ',+ 70F0*+ W4+ 000+ 73*+ /-1F',07'-,(+ ',/0:1',,+ 73*+
(D1F-0+H5+H*6*+(76'J*736-:,3K++

S,*+ /0,+ 00(-+ ,-7'/*+ 7307+ 73*+ :(*+ -= + 73*+ G06'0,7+ >oK+
[B-7'-,+ FD+ :(',,+ 0+ ,:7+ 0,1+ 0+ 736*01*1+ /-0:1,\+ '(+ ',+
/-,7601'/7'-,+ H'73+ G06'0,7+ 5+ -= + 73*+ (:F0((*1F0D+ ?+ [?5K+
T:F0((*1F0D+=-6+1-1'=D',,+73*+0,,0*+J\I+'= +0+736*01*1+/-0:1,+
'(+56*=*66*1+7-+1-1'=D+73*+1'(70,/*+%+F*7H**,+73*+,-(*+0,1+73*+
56--= + (0150*+ (:6=0/*4+ 73*6*+ '(+,-+5-(('F'0'7D+ 7-+500/*+-,+ 73*+
='6(7+5-('7'-,+73*+(:F0((*1F0D+=-6+/30,,',,+73*+0,,0*+J+-,+73*+
(:55-67+5067\K+<3'(+1*0,(+ 7307+000+ 73*+ G06'0,7(+H3'/3+/-,70',+
73*+ (D1F-0(+ >o+ 0,1+ ?5+ 1:(7+ 00(-+ F*+ *0'1',07*1I+ 73*(*+
G06'0,7(+H*6*+1-:F0*+(76'J*736-:,3+',+70F0*+WK+

C6-1+73*+10,:=0/7:6',,+5-',7+-= +G'*H4+73*+H-61+0,1+73*+
H3**0+06*+,-7+,*,*6000D+*0(D+7-+F*+5*6=-61*1I+=-6+73'(+6*0(-,4+
-,*+/0,+ 6*1-G*+ 73*+ (-0:7'-,(+ ',/0:1',,+ 73*+H-61+0,1+H-61+
,*06+ [73*+ G06'0,7+ ^X\K+ <3*+ G06'0,7(+ 0*=7+ =6-1+ 73*+ 56*G'-:(+
(*0*/7'-,+ 0,1+ /-,70',',,+ 73*+ (D1F-0+ ^X+H*6*+ *1530('O*1+ ',+
70F0*+W+FD+%700'/(K+

S,+73*+-73*6+30,14+(-1*+1'=='/:07'*(+-= +10,:00+-5*607'-,+
H3*,+:(',,+ 73*+ G06'0,7+>o+/0,+1*7*61',*4+ 07+ 0*0(7+ ','7'000D4+ 7-+
1'(/-,('1*6+ 73'(+ G06'0,7K+ <3'(+ 1*0,(+ 7307+ 73*+ /-1F',07'-,(+
/-,70',',,+ 73*+ (D1F-0+ >o+ /-:01+ ,-7+ F*+ 70J*,+ ',7-+
/-,('1*607'-,I+73*(*+/-1F',07'-,(+H*6*+*1530('O*1+',+70F0*+W+
',+F-01K+++

^D+ 73*+ 6*1-G00+ -= + 73*+ 0F-G*+1*,7'-,*1+ /-1F',07'-,(4+
-,*+/0,+,-7'/*+7307+-,0D+j+/-1F',07'-,(+6*10',+[>W^WHW?W4+
>W^5HW?W4+ >W^WHW?54+ >W^5HW?54+ >X^WHW?W4+
>X^5HW?W4+>X^WHW?54+0,1+>X^5HW?5\K+

i0/3+ G06'0,7+ [/-1F',07'-,+ -= + 000+ 73*+ /-15-,*,7(\+ '(+
0=7*6H061(+ *<01',*1+ 0,1+ 1'==*6*,7+ (D1F-0(+ /0,+ F*+ :(*1+ 7-+
,601*+ 73*1+ [U+#F++ (-0:7'-,4+ *+#&"*#"+ (-0:7'-,4+ *'!#((*$%&+
/-1F',07'-,4+ *+&&"&(&*+,+ /-1F',07'-,+ *7/K\K+ <3*+ /-,/*57+ -= +
e',7*6*(7',,+ /-1F',07'-,f+ /-:01+ F*+:(*1+ 7-+ *1530('O*+ 73-(*+
/-1F',07'-,(+ H3'/3+ (**1+ 7-+ 56*(*,7+ (-1*+ 01G0,70,*(+ ',+
/-1506'(-,+H'73+73*+G06'0,7(+J,-H,+:5+7-+73*+1-1*,7+H3*,+
73*+/6*07'G*+1*(',,+'(+:(*1K+

%,+73'(+H0D4+73*+,:1F*6+-= +73*+G06'0,7(+7-+F*+0,00DO*1+',+
1*70'0+/-:01+F*4+=-6+*<0150*4+-= +E+W6K+S,0D+=-6+73*(*+G06'0,7(+
/-:01+ -,*+ 0550D+ 0+ 1*73-1+ 7-+ =',1+ 73*+ F*(7+ (-0:7'-,K+ C-6+
*<0150*4+H'73+ 73'(+ 0'1+ ',+ G'*H4+ &!&+'&&!#3(+ ## + &!&+ )'%8&+ '+'%@(*(+
/0,+F*+:(*1K+

S73*6+ ',7*6*(7',,+1*73-1+=-6+1'1','(3',,+73*+,:1F*6+-= +
73*+/-1F',07'-,(+ 6*(:07*1+FD+ 73*+:(*+-= + 73*+ '1*0(+1'0,601+ '(+
&!&+(&G8&+&*'%+(&%&;&*)&+'&&!#3+U^*0-:(4+WII54+T0]7',*0,:+0,1+?:g04+
5665YK++

%,+ 0//-610,/*+ H'73+ 73'(+ 1*73-14+ ','7'000D+ -,0D+ 73*+
/-1F',07'-,(+ -= + 73*+ ='6(7+ 7H-+ /-15-,*,7(+ [>+ 0,1+ 4̂+ =-6+
*<0150*\+06*+0,00DO*1+0,1+*G00:07*1K++

C6-1+ 73*(*+ /-1F',07'-,(+ [7D5*+ >'^p\4+ -,0D+ 73*+
/-1F',07'-,(+ H3'/3+ (**1+ 7-+ F*+ ',7*6*(7',,+ H'00+ F*+ *<760/7*1+
0,1+:(*1+',+73*+,*<7+(70,*K++

C-6+ *<0150*4+ -,*+ /0,+ (:55-(*+ 7307+ -,0D+ 73*+ (-0:7'-,(+
>W^X4+>5^W+0,1+>X^W+56*(*,7+/*670',+01G0,70,*(K+%,+73*+,*<7+
(70,*4+ 73*+ G06'0,7(+-= + 73*+/-15-,*,7+H+H'00+ F*+011*1+ 7-+ 73*+
736**+ /-1F',07'-,(+ (*0*/7*1+ F*=-6*+ [>W^X4+>5^W0,1+>X^W\K+
C6-1+ 73*(*+,*H+/-1F',07'-,(+ [/-,70',',,+ 736**+/-15-,*,7(+
[>4+ ^+ 0,1+ H\4+ -,0D+ 73-(*+ /-1F',07'-,(+ /3060/7*6'O*1+ FD+
',7*6*(7',,+ 0(5*/7(+ 06*+ (*0*/7*1+ 0,1+ :(*1+ ',+ 73*+ ,*<7+ (70,*K+
<3'(+ H-6J+1-100'7D+ '(+ 6*5*07*1+ :,7'0+ 000+ 73*+ /-15-,*,7(+ -= +
73*+*M:'51*,7+7-+F*+1*(',,*1+06*+/-,('1*6*1K+

^:7+,-7+-,0D+73*+(*M:*,7'00+(*0*/7'G*+1*73-1+/0,+F*+:(*1+
-+1'1','(3+73*+,:1F*6+-= +73*+/-1F',07'-,(+7-+F*+0,00DO*1+',+
1*70'0K+ S73*6+ (:/3+1*73-1(+ H3'/3+ /0,+ F*+ :(*1+ 7-+ 6*0/3+ 73*+
(01*+-Fp*/7'G*+ [1'1','(3',,+73*+,:1F*6+-= +73*+G06'0,7(+7-+F*+
',+1*70'0+0,00DO*1\+06*+&!&+'&&!#3+## +3*)*3*+,+*++(8$-'#"!!#%#,*&(!+"#$+
%&'()$+ *+,-.'&/+"&.,!+ "#$+ %$)$0"&.,+ 12+ 3$&4#"$-+ *+,-.'&/+"&.,!+ "#$+
%$)$0"&.,+12+*+,-.'+5$$-!+"#$+%$)$0"&.,+12+%&'&)&"6-$+*7/K+

7'1','(3',,+ 73*+ ,:1F*6+ -= + 73*+ *M:'51*,7+ G06'0,7(+
6*(:07*1+0(+/-,(*M:*,/*+-= +73*+0550'/07'-,+-= +73*+1*73-1+-= +
73*+ '1*0(+ 1'0,601+ '(+ ,-7+ :(:000D+ 0+ ('150*+ 56-F0*14+ (',/*+
/*670',+ (-0:7'-,(+ H3'/3+ 10D+ (**1+ 7-+ F*+ :,0//*570F0*4+ /0,+
0=7*6H061(+56-G*+ G00'1'7D+ 0,1+ *G*,+ (:5*6'-6'7D+ ',+ /-1506'(-,+

48C9%+89+:#9=7'#(*+,#"+75%+%;='<;%(7+,#"+75%+*7=&L+#, +
75%+';<8$7+<5%(#;%(#(9+

/9<58(=;%"'$89+*L;C#9'V%&+<8"'8(7*+
=W^W>W7W+
=W^W>W7?+

=W^?>W7W+
=W^?>W7?+

7H@AIH9H+
7H@AIH98+

=W^W>?7W+
=W^W>?7?+

=W^?>?7W+
=W^?>?7?+

=W^X>?7W+
=W^X>?7?+

=?^W>W7W+
=?^W>W7?+

=?^?>W7W+
=?^?>W7?+

78@AIH9H+
78@AIH98+

=?^W>?7W+
=?^W>?7?+

=?^?>?7W+
=?^?>?7?+

=?^X>?7W+
=?^X>?7?+

=X^W>W7W+
=X^W>W7?+

=X^?>W7W+
=X^?>W7?+

7A@AIH9H+
7A@AIH98+

=X^W>?7W+
=X^W>?7?+

=X^?>?7W+
=X^?>?7?+

=X^X>?7W+
=X^X>?7?+

/BS8.808+
=o^W>W7?+

/BS1.808+
=o^?>W7?+

/BSW.808+
=o^X>W7?+

=o^W>?7W+
=o^W>?7?+

=o^?>?7W+
=o^?>?7?+

=o^X>?7W+
=o^X>?7?+

+
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>-5D6',37+E+?CCD+FD+E>=7?CCD+ + jX+

H'73+ 73*+ (-0:7'-,(+ [/-1F',07'-,(\+ 0*=7+ 0=7*6+ 73*+ ='6(7+ 0,00D('(K+
T:/3+ ('7:07'-,(+ *1530('O*+ 73*+ ,*/*(('7D+ 7-+ 73-6-:,30D+
*F01',*+73*+(-0:7'-,(+56-5-(*1+7-+F*+*0'1',07*14+(-+0(+,-7+7-+
*F/0:1*+ 73*+ G06'0,7(+ H3'/3+ /0,+ e3'1*f+ :(*=:0N',7*6*(7',,+
/3060/7*6'(7'/(K+

2.5  SELECTION OF THE MOST CONVENIENT 

VARIANTS FOR THE EQUIPMENT TO BE DESIGNED  

E= + 0+ 6*0(-,0F0*+ ,:1F*6+ -= + G06'0,7(+ 7-+ F*+ 0,00DO*1+ ',+
1*70'0+06*+*(70F0'(3*14+-,*+/0,+=',1+0,1+:(*+0+1*73-1+7-+(*0*/7+
73*+1-(7+/-,G*,'*,7+G06'0,7+=-6+73*+*M:'51*,7+7-+F*+1*(',,*14+
=6-1+73*+0G0'00F0*+G06'0,7(K+

k'73+ 73'(+ 0'1+ ',+ G'*H4+ (-1*+ 1'(7',/7+1*73-1(+ /-:01+ F*+
:(*1+ [=-6+ *F0150*!+ "#$+G)$0"*$+'$"#.-4+1'==*6*,7+'$"#.-%+ .5+ )+)6$+
+,+)2%&%+*7/K\K++

H-6+73*+/-,('1*6*1+*M:'51*,7+7-+F*+1*(',,*1+[1*G'/*+=-6+
73*+(7:1D+-= +73*+'150/7+*==*/7+-= +73*+0F60('G*+,60,:0*(+-,+73*+
56--= +(0150*+107*6'00\4+0+('150'='*1+1*73-1+-= +G00:*+0,00D('(+
H0(+0550'*1I+73'(+1*73-1+ '(+,01*1+"#$+'$"#.-+.5 +"#$+'+"*&1+3&"#+
-.61)$+$,"*&$%K+

I3*+1*73-1+ ,**1(+ 7-+ :(*+ 0+ 70F0*+ ',+ H3'/3+-,+ 73*+ ='6(7+
/-0:1,+0,1+73*+='6(7+0',*4+73*+56*G'-:(0D+(*0*/7*1+G06'0,7(+[73'(+
1*0,(+ 73-(*+ G06'0,7(+ 6*(:07*1+ 0(+ /-,(*M:*,/*+ -= + 73*+
0550'/07'-,+ -= + 0+1*73-1+ =-6+1'1','(3',,+ 73*+ ,:1F*6+-= + 73*+
(-0:7'-,(+ *00F-607*1+ -,+ 73*+ F0('(+ -= + 73*+ '1*0(+ 1'0,601\+ 06*+
/-,('1*6*1+[70F0*+?\K+

E,+ *0/3+ -= + 73*+ -73*6+ (50/*(+ -= + 73*+ 70F0*4+ 0+ ,601*+ [0,+
0556*/'07'-,\+ 6*(:07*1+ =6-1+ 73*+ /-1506'(-,+ -= + 73*+ (-0:7'-,+
/-66*(5-,1',,+ 7-+ 0+ /*670',+ /-0:1,+ H'73+ 73*+ (-0:7'-,+
/-66*(5-,1',,+ 7-+ 0+ /*670',+ 3-6'O-,700+ 0',*+ '(+ ',/0:1*1K+ H-6+
*F0150*4+ '= +73*+(-0:7'-,+/-66*(5-,1',,+7-+73*+73'61+/-0:1,+ '(+
0556*/'07*1+ 0(+ 1-6*+ /-,G*,'*,7+ 730,+ 73*+ (-0:7'-,+
/-66*(5-,1',,+ 7-+ 73*+ =-:673+ 3-6'O-,700+ 0',*4+ ',+ 73*+ (50/*+-= +
73*+ ',7*6(*/7'-,+ -= + 73*+ 73'61+ /-0:1,+ H'73+ 73*+ =-:673+
3-6'O-,700+0',*4+73*+,601*+W+'(+500/*1K+E= +73*+('7:07'-,+'(+6*G*6(*+
[73*+(-0:7'-,+/-66*(5-,1',,+7-+73*+73'61+/-0:1,+'(+/-,('1*6*1+
0(+ 0*((+ /-,G*,'*,7+ 730,+ 73*+ (-0:7'-,+ /-66*(5-,1',,+ 7-+ 73*+
=-:673+3-6'O-,700+0',*\4+73'(+1*0,(+7307+73*+,601*+500/*1+',+73*+
0F-G*+1*,7'-,*1+(50/*+1:(7+F*+C+[O*6-\K+E= +73*+7H-+0,00DO*1+
(-0:7'-,(+ 06*+ /-,('1*6*1+ *M:'G00*,7+ -6+ 0556-F'107*0D+
*M:'G00*,74+73*+106J+CKJ+/-:01+F*+:(*1K+

E,+ 0,+ 011'7'-,00+3-6'O-,700+ 0',*+500/*1+ 07+ 73*+ F-77-1+-= +
73*+70F0*4+0+,601*+6*(:07*1+0(+73*+(:1+-= +73*+,601*(+',/0:1*1+',+

73*+(01*+/-0:1,4+/-,(*M:*,70D+G00'1+=-6+0+/*670',+(-0:7'-,+-= +
73*+*M:'51*,7+7-+F*+1*(',,*14+/0,+F*+',(/6'F*1K+

=,00DO',,+ 73*(*+ ,601*(+ =6-1+ 73*+ 00(7+ 3-6'O-,700+ 0',*+ -= +
73*+ 70F0*4+ -,*+ /0,+ /-,/0:1*+ H3'/3+ 73*+ 1-(7+ /-,G*,'*,7+
(-0:7'-,+ '(+ -6+ H3'/3+ 73*+1-(7+ /-,G*,'*,7+ (-0:7'-,(+ =-6+ 73*+
*M:'51*,7+7-+F*+1*(',,*1+06*K+

E,+ 73*+ /0(*+ -= + 73*+ 1*G'/*+ =-6+ 73*+ (7:1D+ -= + 73*+ '150/7+
*==*/7+-= + 73*+0F60('G*+,60,:0*(+-,+73*+56--= +(0150*+107*6'004+
(:/3+ /-,G*,'*,7+ (-0:7'-,(+ (**1+ 7-+ F*+ =X^?>W7?4+
=X^W>W7?4+=X^?>W7+0,1+=X^W>W7WK+

=7+ 73'(+ 1-1*,74+ 73*+ 1*(',,*6+ *,,',**6+ 30(+ 0+ 1-6*+
01*M:07*+'10,*+/-,/*6,',,+73*+*M:'51*,7+7-+F*+1*(',,*1I+73'(+
1*0,(+7307+ 73*+1*(',,*6+/0,+*00F-607*+-,*+-6+1-6*+160=7(+=-6+
73*+*M:'51*,7+:,1*6+/-,('1*607'-,K+

IH-+ *F0150*(+-= + (:/3+160=7(+ 06*+56*(*,7*1+ ',+ =',:6*(+ X+
0,1+oK+S= +/-:6(*4+0=7*6H061(+-,*+,**1(+7-+-F(*6G*+73*+-73*6+
(70,*(+ (5*/'='/+ 7-+ 73*+ 1*(',,+ -= + 0+ 1*/30,'/00+ *M:'51*,7+
[(*0*/7'-,+ -= + 73*+ 107*6'00(+ H3'/3+ H'00+ F*+ :(*1+ =-6+ *0/3+
/-15-,*,7+-= +73*+*M:'51*,74+56*0'1',06D+1*(',,4+G*6'=D',,+-6+
*(70F0'(3',,+ 73*+ 1'1*,('-,(+ 0,1N-6+ 73*+ (305*+ -= + *0/3+
10/3',*+ *0*1*,7+ FD+ 70J',,+ ',7-+ /-,('1*607'-,+ 73*+ (*6G'/*+
/-,1'7'-,(+*7/K+UZ-67-,4+WDDqY\K+

48C9%+19+.#;<8"'*#(+#, +75%+$#;C'(87'#(*+"%;8'(%&+8,7%"+75%+"%;#<89+#, +75%+*#9=7'#(*+M5'$5+*%%;+7#+C%+(#7+
$#(<%('%(79+

+++ /8S8.808+ /8S1.808+ /8S8.801+ /8S1.801+ /WS8.808+ /WS1.808+ /WS8.801+ /WS1.801+
/8S8.808+ r+ C+ C+ C+ W+ C+ W+ W+
/8S1.808+ W+ r+ W+ C+ W+ W+ W+ W+
/8S8.801+ W+ C+ r+ C+ W+ W+ W+ W+
/8S1.801+ W+ W+ W+ r+ W+ W+ W+ W+
/WS8.808+ C+ C+ C+ C+ r+ W+ C+ W+
/WS1.808+ W+ C+ C+ C+ C+ r+ C+ W+
/WS8.801+ C+ C+ C+ C+ W+ W+ r+ W+
/WS1.801+ C+ C+ C+ C+ C+ C+ W+ r+

:=;+
#, +;8"K*+

X+ W+ ?+ C+ J+ J+ J+ L+

+
+++

+

+
+

6')="%+W9+0%<'$%+,#"+75%+*7=&L+#, +75%+';<8$7+
%,,%$7+87+M5'$5+75%+*=C8**%;C9L+,#"+75%+;#&',L'()+75%+

&'*78($%+9+'*+<98$%&+#(+75%+C8*%+<8"79+



45%+'&%8*+&'8)"8;+'(+$"%87'<%+&%*')(+
45%+6',75+-(7%"(87'#(89+.#(,%"%($%+#(+/:'#;87'$+0%*')(+
.8;<=*+&%+.8<8"'$8+>+?8"$5+1@A1BC+1223+
+

jo+ + >-5D6',37+E+?CCD+FD+E>=7?CCD+

3 CONCLUSION 

E,+ 0+ /*670',+ (70,*4+ 73*+ 0F'-107'/+ 1*(',,+ ,**1(+ 7-+ :(*+
1'0,601(+7-+6*G*00+73*+3'*606/3D+-= +73*+1'==*6*,7+6*M:'6*1*,7(+
F*0-,,',,+7-+73*+=:,/7'-,00+-6+53D('/00+1-10',(4+=-6+*F0150*K+
^:7+ (:/3+ 3'*606/3'/00+ 1'0,601(+ /-:01+ 00(-+ F*+ :(*1+ 7-+
*1530('O*+ 73*+/-15-,*,7(+-= + 73*+*M:'51*,7+ 7-+F*+1*(',,*1+
0,1+ 73*+ G06'0,7(+ -= + 73*(*+ /-15-,*,7(I+ 73:(4+ 73*+ (-M/000*1+
'1*0(+1'0,601+/0,+F*+*00F-607*1K++

T:/3+ 0,+ '1*0(+1'0,601+H0(+1*(',,*1+ =-6+ 73*+/0(*+-= + 73*+
*M:'51*,7+1*(7',*1+7-+000-H+73*+(7:1D+-= +73*+'150/7+*==*/7+-= +
73*+0F60('G*+,60,:0*(+1'6*/7*1+7-+73*+56--= +(0150*+107*6'00K+

^D+ 73*+ /-1F',07'-,+ -= + 73*+ G06'0,7(+ /-66*(5-,1',,+ 7-+
*0/3+-= +73*+*M:'51*,7+/-15-,*,7(4+10,D+1'(7',/7+*M:'51*,7+
G06'0,7(+/0,+00(-+F*+,*,*607*14+F:7+,-7+000+73*(*+G06'0,7(+-= +73*+
*M:'51*,7+ 7-+ F*+1*(',,*1+ 06*+ =:,/7'-,00+-6+/-,G*,'*,7+ =6-1+
1'==*6*,7+5-',7(+-= +G'*HK+E,+-61*6+7-+1'1','(3+73*+,:1F*6+-= +
73*+ G06'0,7(+ 7-+ F*+ 0,00D(*1+ ',+ 1*70'04+ 73*6*+ 06*+ 1'==*6*,7+
1*73-1(I+ ',+ 73*+ /0(*+ -= + 73*+ *M:'51*,7+ /-,('1*6*14+ (-1*+
/-1F',07'-,(+ H3'/3+ (**1*1+ 7-+ F*+ ',/-,G*,'*,7+ H*6*+
*0'1',07*1K++

=+ =:673*6+ (*0*/7'-,+ -= + 73*+ G06'0,7(+ (*0*/7*1+ ',+ 73'(+ H0D+
/0,+F*+101*+FD+:(',,+73*+-57'1'O07'-,+1*73-1(K+I3*+1*73-1+
-= + 73*+1076'F+H'73+1-:F0*+*,76'*(+H0(+0550'*1+ ',+ 73*+/0(*+-= +
73*+*M:'51*,7+:,1*6+/-,('1*607'-,K+

IH-+G06'0,7(+6*(:07*1+0(+0+/-,(*M:*,/*+-= +73*+0550'/07'-,+
-= +73*+(://*(('-,+-= +1*(',,+(70,*(+(7067',,+H'73+73*+:(*+-= +73*+

'1*0(+ 1'0,6014+ H*6*+ 70J*,+ ',7-+ /-,('1*607'-,+ 0,1+ 7H-+ 160=7(+
/-66*(5-,1',,+7-+73*(*+G06'0,7(+H*6*+*00F-607*1K+
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ABSTRACT 

During the last few years many Six Sigma applications in 
Healthcare have been made, in particular in North America. 
The results obtained have shown the importance of  the use 
of  a structured approach, such as Six Sigma, to increase 
hospital quality performance. 

In this paper the Six Sigma approach is used to improve the 
occupation index and to reduce the costs connected with the 
surgery block of  a hospital. In particular the attention is on 
the surgery session which is composed of  a planned case mix 
of  surgeries. In fact the session uses a high level of  resources 
(temporal resources, human resources, material resources and 
economical resources) and it appears as one of  the most 
critical processes in the hospital system. 

Usually this kind of  process is affected by a large and random 
variability due to the predominance of  human factors caused 
by both the patients and the health staff. This variability is 
necessary to the process but causes a coupled process flow. 
Through the use of  Six Sigma and Axiomatic Design a 
tailored tool that is useful for the measurement, control, and 
planning of  the surgery session has been developed. This tool 
is based on the estimation of  the duration and the costs of  
each surgery. In this way it is possible to identify the best, 
sustainable case mix in the planning phase. The case mix is 
defined for each surgery session and it is based on Diagnosis 
Related Groups (DRG), the doctor’s capability and surgery 
difficulties. 

The result obtained with the proposed approach is an accurate 
planning of  the surgery session, a higher efficiency level and a 
general empowerment of  health staff  and consequently an 
important reduction in costs. 

 

Keywords: surgery session, six sigma, case mix evaluation and 
planning, cost reduction, diagnosis related groups. 

 

1 INTRODUCTION 

Performance and process improvement are not new to 
healthcare. Healthcare organizations strive to achieve 

consistent and predictable positive outcomes in patient care 
and in their business operations. Six Sigma is a highly effective 
improvement approach that has been tried and tested across 
many industries [1, 2]. However, applying Six Sigma to 
healthcare requires an understanding of  how its tools and 
methodologies translate to the people-intensive processes of  
patient care. Healthcare providers can use quality-
improvement techniques and tools to reduce medical errors 
and help ensure patient safety [3]. There are also non-clinical 
aspects of  the healthcare system, which can consume 
physician resources and have an impact on hospital finances, 
having a major impact on both patient care as well as 
operational efficiencies.  
Also the Healthcare insurance company has begun to use Six 
Sigma to not only make itself  more efficient and effective 
internally, but is now also directing its energies toward 
lowering medical costs while improving patient service and 
outcomes [4]. This engineering approach, adapted to 
healthcare, has been adopted especially in North America. 
Six Sigma requires many specialized tools: one of  them is 
Axiomatic Design, i.e. a fundamental set of  principles that 
determine good design practice, can help to facilitate a project 
team to accelerate the generation of  good design concepts, to 
focus on functional requirements, to achieve design intents 
and maximise product reliability [5]. 
The AD helps to design complex systems like Health Care 
System, affected by a large random variability due to the 
predominance of  human factors. The health care delivery 
system is one of  the least studied complex systems [6]. In a 
case study the engineering tools developed for manufacturing 
systems were applied to health care systems: the main 
objective was to develop and apply the performance 
measurement systems for these based on an axiomatic design-
based decomposition of  a general set of  functional 
requirements and design parameters for a manufacturing 
system. Incremental calculus was suggested as a means of  
measuring the performance of  the health care systems. Using 
incremental calculus, it was possible to observe the impact of  
small changes to the main objective using marginal analysis, 
which focused on how sensitively each factor will affect the 
main objective [6]. 
Productivity is of  vital importance to a health care system’s 
ability to compete and survive over time. A health care system 
that is not able to efficiently utilize its resources in creating 
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value for its patients, will not survive with the ever-increasing 
costs of  care. However, the development of  fully functional 
and suitable performance measurement systems to measure 
productivity has proven to be a very challenging task [6].  
Following this train of  thought, the objective of  this work is 
to improve the performance of  a surgery block through the 
use of  Six Sigma approach. In particular Axiomatic design is 
used during Improve and Control phases to systematically 
analyze the transformation of  customer needs into functional 
requirements and design parameters and to develop the right 
solution. 
 

2 CASE STUDY DESCRIPTION: INITIAL 

PERFOMANCE LEVEL 

The surgery block allows planned major operations in an 
accredited regime by the National Health Service. When a 
patient’s discharge paper is closed, his operation is codified 
with DRG (diagnosis-related groups) rates, using the 
codification of  the International Classification of  Diseases - 
9th revision - Clinical Modification (ICD-9-CM) [7].  In this 
DRG prospective payment system, Health System pays 
hospitals a flat rate per case for in-patient hospital care so that 
efficient hospitals are rewarded for their efficiency and 
inefficient hospitals have an incentive to become more 
efficient. The DRGs classify all human diseases according to 
the affected organ system, surgical procedures performed on 
patients, morbidity and sex of  the patient [8].  
Every three years the Italian Health Service establishes the 
annual budget for each accredited hospital. In order to 
produce a positive gain for the hospital, it is important that 
the operation case mix does not exceed this budget because 
surplus would be remunerate by the hospital itself. Operation 
case mix is the whole set of  surgery operations made in the 
block, considering frequency and the branch of  each 
operation. Every operation requires temporal resources, 
human resources and material resources, each of  which 
embodies some type of  cost. 
The difficulty of  the hospital is the organization of  surgery 
sessions due to the random variability of  the health care 
processes and the lack of  a control system, and this results in 
increasing costs.  
The organization of  the surgery session must consider the 
occupation time of  the operating theatre, the gain and the 
pay-off  (resulted from DRG) of  each operation typology.  
Two numeric indicators are defined to control these 
parameters and to estimate the performance of  the process: 
an occupation index (1) and a gain index (2).  
The first index estimates how the operating theatre is used: we 
define a potential occupation time of  the room (such as six 
hours and half  per day) based on a nurse’s shift. If  the 
permanence of  the planned session is longer than the 
potential permanence, costs will increase due to overtime pay. 
If  the permanence of  the planned session is shorter than the 
potential permanence, fixed costs (such as the nurse’s pay) will 
not be covered by the session’s pay-off. 
The second index estimates the percentage gain of  a monthly 
or daily surgery session; it depends on case mix. 
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n= total number of  operations in a monthly surgery 
session; 

 

In order to calculate these indexes, the first step is the data 
gathering of  all information connected with operations (type 
of  anaesthesia, surgeon, type of  stay in hospital, number of  
days stay in hospital, DRG, region of  residence, operation 
permanence) related to a fixed time frame (some months). 
This information is found through the use of  hospital’s 
management software. It is important to identify the voices 
for the costs of  the operation (Table 1). The value of  these 
costs depends on the type of  operation, for example, the 
prosthesis cost is not incurred in surgery for a hernia. 
 

Table 1. Costs’ Voice and their value’s dependences 
Costs’ Voice Dependence 
Consumables  Operation typology 
Anaesthesia Type of  anaesthesia 
Pathological Test Test type and number of  tests 

Prosthesis Producer company, Operation typology 

Self-transfusion Operation typology 
Stay in hospital Type of  stay, number of  days 
Surgeon Surgeon, Percentage of  pay-off 

Anaesthetist Percentage of  pay-off 
Operating theatre  Operation Permanence 

 

Before this study, the performance of  the process, estimated 
by the use of  historical data, were the following: 

1. Occupation_Index=51%; 
2. Session gain=12%; 

The first index highlights a bad organization in planned 
sessions; improvement ideas are planning full sessions and 
making programming more dynamic and controlled. 
The second ratio highlights that the used approach for the 
case mix planning was unrewarding for the block. This is 
mostly due to the difficulties in obtaining a reliable estimation 
of  costs for each surgery of  the real process. The direct 
consequence is the lack of  efficiency of  surgery process. 
The initial activity produces a big amount of  data from real 
surgery process that permit: 

1. to know about global activity in surgery block  
2. to gather data from Management software; 
3. to measure resources of  the session; 
4. to highlight Critical to Quality characteristics; 
5. to clearly define the target of  Improve and Control 

phases. 
In the following section is shown the development process, 
driven by AD, of  a tool useful to improve this process. 
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3 DEVELOPMENT AND IMPLEMENTATION OF 

ENGINEERING TOOL 

3.1 DESIGN EVALUATION OF THE CURRENT HEALTH 

SERVICE 

Axiomatic Design is a general principle for design analysis and 
synthesis. It could be applied to all design: hardware, software, 
materials, manufacturing and organizations.  
The AD’s goal is establishing a science base for design activity 
to augment engineering knowledge and experience, providing 
theoretical foundation based on logical and rational thought 
process and tools and  
improving quality and reliability [9]. AD uses matrix methods 
to analyze the transformation of  customer attributes (CAs, 
vectors in costumer domain) into functional requirements 
(FRs, “what to achieve” in functional domain), design 
parameters (DPs “how to achieve” in physical domain) and 
process variables (PVs in process domain) [10].  

 
In the case study only the functional and physical domain are 
considered. 
The method gets its name from its use of  design Axioms: the 
Independence axiom expecting a good design comprises of 
DPs that maintain the independence of functional 
requirements FRs; Information Axiom expecting the best 
design (that satisfy Independence Axiom) is the one that
requires the least amount of “information” to achieve the 
design goal. The mapping between the FRs and DPs domains 
is executed in a zigzagging hierarchy (Why-How-Why-How) 
in order to performing the design process [10]. 

In this project, we define a hierarchical causal model showing 
the connection of FR and the DP by decomposing the design 
into several levels (Fig 1). So high level DP and FR are 
decomposed into lower level FR and DP. This systematic 
approach allows focusing AD design on what is possible to 
step in, due to the uncontrollability of the health process.
 

 
 

Fig 1. Decomposition model of health care process 
 

Through the analyses described in the upper section and the 
problems in organization pointed out by health personal, the 
high level FR (FR1) is “Provide high level of health 
service”.  
High level DP (DP1) to achieve FR1 is “Improve the 
surgery process”. The following step is zigzagging to the 
define lower levels.  

The decomposition model (Fig 1) describes three levels of  FR 
and DP. Only FRs quoted in Table 2 are mapped to DPs in 
axiomatic  matrices.  
At the second level DP1.2 and DP1.3 don’t take part of  next 
zigzagging: they define two aspects which aren’t modified in 
this engineering project. 
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Table 2. Levels of FRs and DPs

 
 
Design matrix (Table 3) describes the inter-domain 
relationships where X means that there is a relationship and 0 
means that there is no interaction [9]. It contains a wealth of  
information about the design and are central to the 
application of  axiomatic design. 
The design matrix of  this process is coupled; a coupled design 
is one that cannot be reorganized to a triangular matrix. In
this case, the relationship between the design elements and 
their functions is circular. To satisfy the Independence axiom 
the matrix design must be diagonal (uncoupled design) or 
triangular (decoupled design). It’s necessary to develop a tool 
that can remove some of  relationships and change the design 
matrix.  
 

Table 3. Global Matrix Design of  the current health 
service 

 
 

3.2 DESCRIPTION OF ENGINEERING TOOL  

To satisfy the independence axiom, we decide to develop a 
software engineering tool that helps health staff  to plan and 
control surgery sessions with profitable case mix using the 
operating theatre to its maximum time potentiality.  

In particular, the goal is to make the part of management and
efficiency independent from the effectiveness of  surgery 
session.  
The instrument’s features would be: 
 

1. simple use; 
2. upgradeability; 
3. compatible with existing management software. 

 

The approach we adopt is based on two actions: 
a. direct action: acting toward costs and pays-off  

with change of  surgeon’s case mix; average 
operating activity of each surgeon is maintained
with the exception of  activity with high unjustified 
costs. 

b. indirect action: acting toward operating session’s 
time through the definition of  a standard session’s 
permanence. The standard is potential occupation 
time of  the room defined in section 2. 

The global tool (Fig 2) is based on two sub-tool: 
1. sub-tool 1 is a tool for Budget distribution; it allows

to allocate Health Service Budget and control utilize 
and available Budget estimating the number of  each 
surgeon’s session. To calculate the number of  day  
sub-tool considers average operating activity and 
surgeon restriction. 

2. sub-tool 2 (specified in Fig 3) is a tool for planning 
sessions. This is a dynamic table containing all 
operation’s typologies of  surgery block with their 
associated costs and resources. It is necessary to 
active the tool setting purposed operation of  the 
session through data entry (day, month, operating 
theatre, operation’s number). Data processing 
estimates time of  session’s closing and session-
gain% for each day. The health staff  must verify the 
estimated output. If  they give consent to apply 
surgery session, the optimal case mix will be 
obtained. The limit of  sessions’ number defined by 
the sub-tool 1 introduces a relationship between sub-
tools. 

The estimate of  session’s number and Budget’s consume are 
based on average activity of  surgeon. Effective activity, 
inserted in sub-tool 2, does not overlap with the average one; 
therefore the effective available and used amount of  Budget 
could be different. The global tool has a feedback loop to
solve the problem. If  there is a gap between average and 
effective activity, sub-tool 2 will modify future operating 
activity. 
  

 

 
 

Fig 2.  Tool’s streamlined diagram 

 
Budget  

 
Sub-tool 1 Days’N.

Inputs 

 
 

Sub-tool 2 
Optimal 

Case 
mix   
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Fig 3. Detailed diagram of  sub-tool 2 
 

3.3 AXIOMATIC DESIGN OF THE IMPROVED HEALTH 

SERVICE  

Tools are useful to modify relationships in Matrix design (Table 
4). We can identify the advantage of the introduction of the two 
tools the design matrix. 
We obtain a decoupled design at third level because one DP 
affects two FRs: reliable planning depends only from Budget
management and in particular from the implementation of  the 
tool for Budget distribution; requirement of low cost is 
achieved by using global tool. Employing properly Health 
Service Budget and planning session through costs’ and time 
control enables to reduce cost.  
The goal of tool’s Framework is efficiency, not effectiveness of 
surgery session in term of patient care. We obtain an efficient 
system that achieves higher levels of performance (outcome, 
output) relative to the inputs (resources, time, money) 
consumed. 
An uncoupled design results at second level: the requirement 
effectiveness is, only, achieved by surgery session’s tailored on 
the patient. There are not relationships between FRs of third 
level and DP1.2 because the tool is based only on the average 
estimation of surgery activities instead of the variability of each 
surgery tailored on the patient. 

 
Table 4. Global Matrix Design of  the improved health 

service 

 
 
The chosen solution satisfies also the II° axiom of AD [10]. In 
fact the distribution of surgery session duration obtained using 
this tool for the planning of the surgery session (Fig 5) shows a 
bigger probability of success in timing control compared to the 
historical duration distribution (Fig 4). This result is obtained 
considering an optimal value for surgery session duration of 
390 minutes (6 hours and half) with an acceptable tolerance of 
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Operation’s Number 
(accredited patients) 

Operating 
theatre 

Operation’s Number 
(paying patients) 
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an hour (Lower Specific Limit=330 min and Upper Specific 
Limit = 450 min). 
 

 
Fig 4. Historical distribution of  surgery session durations 

 

 
Fig 5. Observed distribution of  surgery session durations 

using engineering tool 
 

4 RESULTS 

The tool’s implementation helps to organize and supervise 
session’s planning.  
We can use output of  sub-tool 2 to calculate indicators (defined 
in section 2) estimating performance of  the improved health 
process: occupation index (1) and a gain index (2).  

Monthly Session_Gain %
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Fig 4. Bar chart of  Session – gain’s improvement 

 
Performance of  improved health process is estimated by an 
Occupation_Index value of  89% and Session gain value of  
25% (Fig 4). The first index shows how health operators 

understand approach to planning full sessions and cooperate to 
realize this goal. The second indicator shows how little 
modifications in case mix and an organized process grow the 
gain. 

5 CONCLUSION 

The objective of  this work is to develop a system to estimate 
and control performance of  a surgery block based on the 
estimation of  the duration and the costs involved in each 
surgery. In fact, the main problem is surgery process affecting 
by a large and random variability due to the predominance of  
human factors caused by both the patients and the health staff. 
It is necessary to partially estimate this variability to obtain a 
strong improvement in the health care system efficiency in term 
of  organization and cost’s reduction. In particular, a 
management strategy, such as Six Sigma and its key algorithm 
(DMAIC), has been used to gain knowledge, analyze and 
improve surgery process. 
AD was used in Improve phase to design the approach 
following to develop an engineering tool in order to decouple 
process flow. Engineering tool’s framework allows respecting 
the Independent axioms. The tool was composed of  two parts 
connected that return estimation of  session_gain% and time of  
session’s closing. Outputs are used to calculate the occupation 
index and gain index (coinciding with session_gain%). Tool’s 
Implementation has improved the organization of  surgery 
block in order to reduce cost. This tool could be useful for any 
public and private hospital reality considering the possibility of  
obtain the saturation of  operating room (estimated by 
occupation index). On the other hand, the action that regards 
the case mix modification could be applied in every hospital 
with a planned activity. For example, it is very difficult to 
improve the process of  an Emergency Room with this 
approach. In fact we have developed and adopted this approach 
in a specific reality, i.e. a private hospital, where all operation are 
planned; so we have considered both the modification of  case 
mix and the increase of  session saturation. Tool’s Application 
achieved important results: occupation index changes from 
51% over 89% and gain% from 12% over 25% considering the 
monthly activity. 
Tool’s Framework has some advantages: 
 

1. it’s simple to use in insertion data; 
2. it’s complete of all type of surgery and all surgeon of 

hospital analyzed; 
3. it can be modified to remain up-to-date in terms of 

costs,  activities, health staff composition to obtain a 
reliable planning of surgery sessions; 

4. it’s versatile because the adopted approach could be 
applied in any hospital.  
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ABSTRACT 

Axiomatic design theory (AD) was originally developed to 
form a scientific basis for mechanical design. This paper takes 
an in-depth look at axiomatic design theory as a scientific 
basis for the design of  educational courses and curricula. The 
implications of  the first and second axioms for education are 
discussed and issues associated with coupling, physical 
integration, repetition, redundancy, complexity, robustness, 
and flexibility are addressed. 
 
Keywords: Axiomatic design, education, curriculum 

 

1 INTRODUCTION 

In Axiomatic Design: Advances and Applications, Suh 
[2001] states that “in the past, many engineers have designed 
their products (processes, systems, etc.) iteratively, empirically 
and intuitively, based on years of  experience, cleverness or 
creativity, and involving much trial and error.” The same is still 
true for the design of  educational courses or curricula. 
Although many attempts have been made to model the 
educational process and formalize methods for the design of  
courses and course materials, most of  this work is still very 
qualitative and heavily based on experience or case studies. 

Axiomatic design was originally developed to address 
this issue in mechanical design by providing a “scientific basis 
for design and to improve design activities by providing the 
designer with a theoretical foundation based on logical and 
rational thought processes and tools.” [Suh, 2001] This paper 
explores the potential of  axiomatic design to provide a 
scientific basis for educational design. The implications of  the 
first and second axioms for education are discussed and issues 
associated with coupling, physical integration, repetition, 
redundancy, complexity, robustness, and flexibility are 
addressed. 
 

2 PRIOR ART 

Much of  the work that has been done in relating 
axiomatic design and education has focused on teaching 
students to use axiomatic design theory. However, very little 
has been done to explore the applicability and limitations of  
the theory in education. 

In the course of  our literature search, only two papers 
which used axiomatic design theory to develop educational 
courses were identified. The first paper is from Beijing 
Jiaotong University where Tate and Lu [2004] address the 

need for teaching axiomatic design and use axiomatic design 
theory to design a course on axiomatic design. The second 
paper is also from Beijing Jiaotong University where Tate 
[2005] applies axiomatic design principles to an internet-based 
platform of  teaching a course in mechanical design. 

Both papers review the fundamentals of  axiomatic design 
theory and use axiomatic design principles to develop 
educational courses to teach axiomatic design in the classroom 
and online. Many of  the FR/DP pairs presented correlate 
closely with those identified in this paper and are well chosen. 
However, the focus is on using AD to teach AD. There is 
limited discussion of  using AD for more general educational 
purposes. In addition, the methods presented take advantage 
of  only the most basic aspects of  AD and neglect some of  
the more powerful details. This work focuses on more general 
education and the implications and applicability of  the first 
and second axioms to education.  

 

3 DEFINING THE DESIGNER 

In the realm of  education, the designer may be the 
school board of  directors, members of  the school 
administration, or members of  the teaching faculty. In home 
schooling, it might be the parents of  the students. Because 
each of  these groups of  people has different responsibilities 
and different amounts of  control, the functional requirements 
will be different for each. Thus, the choice of  designer affects 
the scope of  the design.  

For this paper, we focus on the educator (teacher or 
professor) as the designer. This choice limits the discussion to 
the design of  classes and curricula. It allows us to assume that 
funding, facilities, and the quantity and nature of  students in 
the class or degree program are constraints, rather than design 
parameters, as they might be for members of  the 
administration. Finally, it implies that the design will be 
executed by the designer, and not by a third party.  
 

4 EDUCATION AND THE INDEPENDENCE 

AXIOM 

4.1  DECOUPLED DESIGNS IN EDUCATION 

Although the independence axiom requires that designs 
be uncoupled whenever possible, many educational 
applications are fundamentally decoupled. Just as children 
must learn to crawl before they can walk, students must learn 
the fundamentals of  any given field before they can build on 
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that knowledge to learn more advanced topics. The order in 
which students learn is often critical to their understanding.  

Consider a design matrix for the learning experience of  
elementary school that includes lessons in both mathematics 
and language arts: 

 

 
 
The two subjects are uncoupled at the highest level of  

decomposition. They can be taught in any order or in parallel 
if  desired. However, it is clear that a young student must learn 
to recognize numbers and count before arithmetic, and 
arithmetic before multiplication, and so on. Similarly, one will 
learn to read and write letters before spelling, which must be 
learned before grammar. Here, each subject is decoupled at 
the lower levels of  decomposition and the subtopics must be 
taught in order.  

 

 
 

 
 
The full design matrix would look like: 
 

 
 

In educational design, it will not always be possible to 
replace the x’s with numerical values in the design matrix. 
However, marking the dependences as shown above is still a 
useful tool for sequencing curricula and ensuring that the 
independence axiom is satisfied. 

Once students enter higher levels of  education, it can be 
assumed that the fundamentals in the design matrices for 
lower-level classes have been mastered, and will not be 
necessary to include them in the greater design matrix. 
 

4.2 COUPLING AND IMAGINARY COMPLEXITY IN 

EDUCATION 

Although most educational applications will be 
uncoupled or decoupled, it is possible for coupled designs to 
occur. In such a case, an instructor might tell the class that 
that there is no logical sequence in which to cover the topics 

because everything is too interdependent and that all of  the 
subject areas will come together in the end. This type of  
learning process can very difficult for a student and is a 
violation of  the independence axiom.  

If  the design is truly coupled, the coupling might be 
reduced through the use of  different design parameters, or 
though a redefinition of  FRs. For example, instead of  fully 
covering one topic before moving onto the next, the design 
matrix might suggest introducing both, then familiarizing with 
both, then teaching and training both. 

However, in many cases, the perceived coupling is likely a 
consequence of  imaginary complexity. Imaginary complexity 
can be eliminated by explicitly analyzing the curriculum design 
matrix to reveal the true interdependencies, and thus, the best 
sequence of  DPs.  
 

4.3 COUPLING VERSUS PHYSICAL INTEGRATION 

IN EDUCATION 

In axiomatic design of  mechanical systems, it can be 
shown that physical integration can reduce information 
content, as long as the functions are kept separate through 
distinct DPs. The common example is a soda can that has 
twelve independent FRs and twelve corresponding DPs, but is 
made from only three physical pieces of  metal. [Suh, 2001] 

The same principle of  integration applies to education. 
Educational DPs may be combined into a single physical 
device, setting, class period, or assignment provided that the 
functions remain independent. For example, rather than giving 
a lecture one day, and a slideshow the next, it can be beneficial 
to give a lecture that uses visual aids, such as slides, graphs, 
and images. Similarly, multiple topics can be covered in the 
same lecture or class period provided that the distinction 
between the topics is clear. Another example of  integration is 
the use of  project based learning. In project based learning, 
many of  the different skills and topics of  a subject can be 
exemplified together through the use of  a term project. This 
can be an extremely effective way to keep a student engaged, 
while reducing the overhead of  setting up many unrelated 
examples. 
 

4.4 REPETITION AND REDUNDANCY IN 

EDUCATION 

In a famous quote attributed to Arnold Sommerfeld, it is 
said that “Thermodynamics is a funny subject. The first time 
you go through it, you don't understand it at all. The second 
time you go through it, you think you understand it, except 
for one or two small points. The third time you go through it, 
you know you don't understand it, but by that time you are so 
used to it, it doesn't bother you anymore.”  

Repetition is a time honored tradition in education. It is 
used as a memorization aid and it allows students to 
understand more and more of  the subject each time they 
encounter it. But does repetition equal redundancy? And is 
redundant design acceptable in an educational context? 

The American Heritage Dictionary [2004] defines 
redundant as “exceeding what is necessary or natural; 
superfluous; needlessly…repetitive.” In axiomatic design, 
redundant refers to a design that uses more DPs than are 

FR1: Teach Math 
     FR11: Teach Numbers 
     FR12: Teach Counting 
     FR13: Teach Arithmetic 
     FR14: Teach Multiplication 
FR2: Teach Language 
     FR21: Teach Letters 
     FR22: Teach Reading 
     FR23: Teach Spelling 
     FR24: Teach Grammar 
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FR1: Teach Math 
FR2: Teach Language = 

x o 
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necessary to satisfy a given FR. In both contexts, the emphasis 
is on “necessary.” There are three cases to consider when 
discussing repetition in axiomatic design for education: (1) 
repetition of  a single DP for a single unsatisfied FR, (2) the 
use of  multiple FR/DP pairs to cover the same topic, or (3) 
the repetition of  a single DP to cover a previously satisfied 
FR. 

The first case is only redundant if  the DP is repeated 
more times than necessary. For example, consider the FR: 
“algorithmically train students to solve quadratic equations”, 
and the corresponding DP: “solve 10 homework problems on 
quadratic equations.” If  the students actually need 20 
homework problems to satisfy the FR, then the DP may be 
repeated without redundancy. However, if  the DP is repeated 
again, thus assigning 30 homework problems when only 20 
were needed, the case is redundant. 

A mechanical analogy to this type of  repetition can be 
seen in a machine that polishes silicon wafers. Multiple passes 
might be needed to achieve the desired finish, yet any single 
pass could not achieve the FR by itself. However, the notion 
of  what is “necessary” is not absolute, but a function of  the 
chosen DP. A different, more efficient polishing machine 
might achieve the desired finish in fewer passes, just as a more 
effective homework assignment might train the students in 
fewer problems if  the specific problems are chosen wisely. It 
should be noted that efficiency, or a minimization of  
resources consumed, is not an intrinsic goal of  AD, but it 
does appear in the FRs or constraints of  nearly all design 
tasks, including education. Reducing repetition is favorable 
because it will reduce the consumption of  time.  

Education is not as straightforward as manufacturing 
because of  the human factors involved. The number of  
repetitions required to polish a silicon wafer should not vary 
significantly from wafer to wafer, especially if  the wafer 
supplier is constant over time. However, the number of  
homework problems required to train a student may vary 
substantially from student to student. This uncertainty and 
variability associated with the customer (the student) is one of  
the fundamental characteristics that distinguish a service 
industry like education from a manufacturing industry.  

The second case: “the use of  different DPs to achieve 
different FRs within the same topic,” is not redundant 
because a topic can be subdivided according to the required 
educational goals, and various orthogonal educational 
methods, or media. For example, consider the decomposition 
between domains in the general case below where we wish to 
design a curriculum to satisfy the customer attribute of  
“seeking graduates who are educated in topic i of  subject x” 
(Figure 1). 

In order to educate students on the chosen topic, several 
different DPs (lecture, lab, reading, etc.) are used to present 
different aspects of  the same material. But because each DP 
satisfies an independent FR, the design is not redundant.  

The third case of  repetition in education involves the 
repetition of  a single DP to cover a previously satisfied FR. 
For example, consider the DP: “Give a lecture on topic A.” 

This DP might have been used in the past to satisfy the FR: 
“Educate the students on topic A.” But if  the same lecture on 
topic A is given as the DP for the FR: “Review topic A for 
students” the repetition is not redundant because the repeated 
DP is being used to satisfy a new FR of  “refresh” or 
“maintain” the understanding of  a topic. Instead, the design is 
coupled. Since this is not an improvement, a new DP: “Give a 
lecture to review key aspects of  topic A” or “Give a review 
lecture with new examples of  topic A” might be introduced to 
decouple the design.  

In an ideal world, students would learn and remember 
everything perfectly the first time they are exposed to it. This 
would greatly increase the efficiency of  the education process 
and reduce the time and resources required to teach each 
topic. Since we live in a non-ideal world where different 
students learn at different paces and in different ways, we 
should strive to only use repetition as much as necessary and 
no more.  

4.5 FLEXIBLE SYSTEMS IN EDUCATION 

The customers in service industries are a major source of  
uncertainty that is difficult to control. Education is no 
exception, especially at higher levels of  education where 
students have a more freedom in choosing their courses. 
There can be many students to be educated, and many topics 
in which to educate them, yet specific combinations of  
students and topics can change continuously and 
unpredictably. Curricula must then have the ability to 
reconfigure. Each student is a customer, so as new students 
enter and pass through the system, the customer attributes 
will change, and so must the functional requirements.  

In a flexible system, only a subset of  all FRs must to be 
satisfied at any given time. For each FR, there may be several 
candidate DPs to choose from. The “best” DP for an FR is 
generally not constant. Instead, it depends on the particular 
subset of  FRs that must be satisfied. A similar relationship 
exists between DPs and PVs. [Suh, 2001] 

Educational flexibility can be seen in the adjustment of  
course offerings in each academic term. If  too many seats are 
offered in a course, then resources are going to waste. If  too 
few seats are offered, then not all students will be educated, 
reducing both educational quality and customer service. The 
total set of  FRs at the course-level can be seen in the 
following statement: “educate [n] students in the subject of  
[x]”, where n and x are variable. If  n is below the minimum 
enrolment cutoff, then this FR is not in the set that must be 
satisfied.  

The DPs will consist of  different courses (e.g. the course 
catalog), as well as multiple formats for each course. A small 
course format might involve a discussion style with written 
tests, whereas a large course format might require a lecture 
style with electronically graded tests. The number of  sections 
may also be varied to satisfy an FR. An important PV in this 
system is the type of  classroom (e.g. small room vs. 
auditorium vs. laboratory) 
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Figure 1a. The FR / DP / PV pairs for a topic being repeated through different goals and methods  
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Figure 1b. FR-DP matrix and DP-PV matrix for a topic being repeated through different goals and methods 
 

The course offerings will be affected by the structure of  
the curriculum design matrix. If  one subject is the prerequisite 
of  another (decoupled) and if  both have a low enough 
demand to be offered every-other term, then the offerings 
should be staggered by term. If  two courses are uncoupled, 
but close together in the matrix, then they should be offered 
at different times during the same term. The FRs are also 
connected by the constraints in the process domain. 
Specifically, resource availability (classrooms and instructors) 
will limit the configurability of  the system. In order to achieve 
flexibility while managing interdependencies, the curriculum 
design matrix should be used to design courses as modules 
with as little coupling as possible. 
 

5 EDUCATION AND THE INFORMATION 

AXIOM 

Not all incoming students and outgoing graduates are 
the same, even within the same area of  study. There is 
variability in the knowledge and abilities of  both the admitted 

and the graduating populations. If  axiomatic design is applied 
to an educational curriculum, then the probability of  success 
will be a measure of  how successfully the FRs in education 
have been met: namely, how well students have been educated, 
and how satisfied the students are with the educational 
process. The degree of  success in education is traditionally 
quantified through outcomes assessment. Outcomes 
assessment is performed to determine if  the educational 
outcomes (FRs) of  the course or program are being met, and 
it is often accomplished by using some form of  examination 
(tests, quizzes, etc.). Ideally, a test will be a valid and reliable 
measure of  the degree to which an educational FR has been 
successfully achieved. In this case, the system range for an 
existing course can be thought of  as the probability 
distribution of  test scores.  

The design range in education is the range of  acceptable 
scores. The probability of  success is then the percentage of  
students that receive a “passing” grade. This notion is already 
well defined for many educational institutions. For example, in 
some universities, a score of  80% or better is required for 

Functional Requirements: 
 
FRi = Educate students on topic i 
  FRi1 = Measure prior knowledge/ abilities  
  FRi2 = Motivate students to learn topic i 
     FRi21 = Provide penalties for failure to learn  

 
     FRi22 = Provide context for learning about  

               topic i 
     FRi23 = Instill a sense of  curiosity about    
                   topic i 
     FRi24 = Actively involve students in   

               learning topic i 
  FRi3 = Teach students concepts in topic i 
     FRi31 = Enable auditory learning to    

           understand & synthesize in topic i 
     FRi32 = Enable visual learning to understand & 

synthesize in topic i 
     FRi33 = Enable independent learning to   

           understand & synthesize in topic i 
  FRi4 = Train students in tasks of  topic i 
  FRi5 = Have students practice using topic i 
  FRi6 = Ensure quality of  education in topic i 
     FRi61 = Measure student learning 
     FRi62 = Measure student satisfaction 

Design Parameters: 
 
DPi = Unit on topic i 
DPi1 = Initial assessment 
DPi2 =  Various methods in topic i 

     DPi21 = Academic status or ranking   
                    within peer group 
     DPi22 = Statement about context   
                    of  topic i 
     DPi23 = Everyday examples of   
                    topic i 
     DPi24 = The Socratic method 
 
DPi3 = Various methods in topic i 

     DPi31 = Conceptual lecture on topic i 
 

     DPi32 = Visual aides related to topic i 
 

     DPi33 = Reading assignment on topic i 
 

DPi4 = Lab exercise on topic i  
DPi5 = Problem set related to topic i 
DPi6 = Measure student ability in topic i 

     DPi61 = Outcomes assessment 
     DPi62 = Student feedback mechanism 

Process Variables: 
 
PVi = Room, instructor, time, materials 
PVi1 = Pre-Test 
PVi2 =  Various media in topic i  

    PVi21 = Make students aware of  grading 
policy in syllabus 

     PVi22 = Flow chart / graph of   
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     PVi24 = Discussion questions  
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courses within a major of  study, and a score of  70% or better 
is required for outside electives. Note that there is no true 
upper bound on the design range here. Instead, the maximum 
of  100% represents the upper end of  the range. 

Graduation can occur only for students who fall within 
the design range; that is, a graduate must demonstrate mastery 
of  the concepts and skills that they have learned by fulfilling 
all course requirements with a minimum grade point average. 
If  the system range of  the students is not entirely within the 
bounds of  the design range, then those students who do not 
lie within the common range cannot graduate. In education, 
the probability of  success is 100% if  all students always fall 
within the design range. 

A tolerance in education is the acceptable range of  
values for a design parameter or process variable, including 
teachers, students, course materials, and more. This is often a 
one-sided range, as in the example of  a loan officer accepting 
only customers with a minimum credit score. It is the task of  
the faculty search committees in a university to establish and 
enforce the metrics that determine acceptable new faculty. 
Similarly, it is the task of  the admissions department in a 
university to establish and enforce the metrics that determine 
acceptable incoming students. These metrics will include 
things like minimum GPA or SAT scores, and may also have 
subjective components such as essays. On a smaller scale, 
individual courses might have tolerances, such as passing 
grades in prerequisite courses. In grade school, the design 
range for one grade level is ideally equivalent to the tolerance 
of  the following grade level. 

Although upper bounds on educational tolerances do 
not generally exist, there are some exceptions. The one major 
exception is when students are able to take advanced standing 
or advanced placement exams. A college or university will set 
the lower bound on the tolerance through their admissions 
standards while the advanced standing/placement exams set 
the upper bound. If  the student falls below the lower bound, 
they are not admitted. If  they fall within the tolerance, they 
are admitted and take freshmen level courses. If  they fall 
above the upper bound of  the tolerance (pass the exam), then 
they are admitted and take sophomore level courses. This is 
also analogous to skipping a grade during elementary school. 

Like many processes, educational systems will sometimes 
have a bias. It is the responsibility of  the educator to provide 
education at an appropriate level of  detail and difficulty for 
the students. Ideally, course material will be new, interesting, 
and challenging, but not impossible for the students to learn. 
If  the course material is too hard, the students may be 
discouraged and may stop trying to learn. If  the course 
material is too easy, the students may be bored and may stop 
trying to learn. Thus, it is important even for an educational 
system for the mean of  the design range to correspond to the 
mean of  the system range. In other words, while the upper-
bound of  an exam may be 100%, the target value may be 
lower. 

Excellent (perfect) exam results for all students may 
reveal that the course material is too easy or moving too 
slowly. There is a positive bias in the system and the material 
should be made more difficult or presented more quickly to 
correct the situation. Poor (failing) exam results for all 
students may reveal that the students do not understand the 

course material. There is a negative bias in the system and the 
course material or the teaching methods should be 
reexamined to determine and correct the problem. Correction 
could involve a change in the curriculum DPs, or a change in 
their sequence or pace (e.g. splitting one course into two). 
Thus, the attempt to minimize or eliminate bias is an 
important step in the continuous improvement of  educational 
designs. This also highlights another aspect of  flexibility in 
education: individual students will naturally move at different 
paces, so a curriculum should have the flexibility to move 
some students faster through advanced courses, and take extra 
time for those who need it in remedial courses.  

When verifying any process, the precision and error 
inherent in a measurement tool can affect the quality of  a 
measurement. This is also true in education. If  the assessment 
tool (in this case, examination) does not adequately reflect the 
educational goals, then the results may indicate a bias where 
none exists. Educators frequently correct this artificial bias by 
curving examination results or grades. However, it is critical 
for all educators to be aware of  the difference between true 
bias and artificial bias caused by the assessment tools and be 
able to recognize the difference.  
 
 

 
 
Figure 2. A graphical representation of  the axiom as it applies 
to education 
 

5.1 ROBUSTNESS IN EDUCATION 

In traditional axiomatic design theory, a robust design is 
one that can accommodate large variations in the DPs and 
PVs and still satisfy the FRs. Consider again the example from 
Figure 1a. FRi21 is “enable auditory learning to understand & 
synthesize in topic i” and PVi21 is “instructor educated in 
topic i.” If  the current instructor is replaced by a different 
instructor, the quality of  the lecture and thus the ability of  the 
auditory learning to take place may be radically altered. Thus, 
this FR/PV pair is not very robust from an axiomatic design 
view point. 

However, FRi22 is “enable visual learning to understand & 
synthesize in topic i” and PVi22 is “graphs and images on 
topic i.” Once the graphs and images are generated, they can 
no longer change and are relatively immune to noise, and 
environmental and random variance (except for corruption of  
the image source files) and thus this FR/PV pair is very 
robust. 

Lecturers are an important part of  education and should 
not be dismissed simply because of  robustness arguments. 
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However, the concept of  robustness may need to be 
addressed when course instructors (or other DP and PV 
related factors) are expected to change on a term-by-term or 
yearly basis. Also, alternative top-level educational DPs (like a 
web-based course instead of  a lecture-based course) may need 
to be chosen to fulfill the DPs. 
 

5.2 ROBUSTNESS THROUGH FUNCTIONAL 

PERIODICITY 

Now consider a robust graduate as opposed to a 
robust curriculum. A robust graduate will be able to solve 
unforeseen functional requirements. This is one of  the goals 
of  educational curricula as it is built in to the definition of  
education with “the ability to synthesize new ideas.” Another 
characteristic of  robustness is the ability to continue 
functioning properly over long periods of  time. This is clearly 
an issue in education; after the system range has been 
measured (via testing), this range is not permanent. Just as 
mechanical dimensions can change in time with 
environmental conditions and wear, the knowledge and skills 
of  a student will decrease without proper maintenance in that 
topic. Unlike mechanical wear, the probability that an 
education will stay within the design range increases with 
frequent usage.  

As discussed earlier, the maintenance of  an educational 
subject can be handled with repetition. This issue has a deeper 
meaning in the context of  complexity. The fading of  
knowledge over time is an example of  time-dependent 
combinatorial complexity. It is desirable to transform 
combinatorial complexity into periodic complexity by 
introducing functional periodicity. [Suh, 2001] In the case of  
education, the system range can be re-initialized through a 
review of  the material. This can be systematically 
implemented through curriculum design. A review of  the 
previous year’s material is often conducted prior to 
introducing new material. An even more efficient strategy 
would be to integrate the review into the new material by a 
strategic selection and sequencing of  curriculum DPs. For 
example, in a mathematically based subject, a set of  
homework problems might include steps that force the usage 
of  concepts learned in a prerequisite course, thus re-
initializing the knowledge of  the prerequisite material. Design 
courses can also be used to apply and integration material 
learned in previous courses in a new context. This type of  
review is sometimes inherent in subjects with a decoupled 

structure, but it can be managed directly and analytically 
through the curriculum design matrix and information 
content.  
 

6 CONCLUSION 

Axiomatic Design appears to be well-suited to the design 
of  educational curricula. In this discussion, the groundwork 
has been laid for a novel analysis of  the education process 
through axiomatic design. Many interesting and potentially 
useful insights have been revealed by considering some of  the 
more detailed implications of  the independence and 
information axioms as they apply to education. It is believed 
that such a systematic approach can provide a powerful means 
of  designing and organizing efficient, effective, and robust 
curricula to best meet the needs of  students. One of  the 
strengths of  axiomatic design is its ability to help guide 
designers directly toward good designs without costly trial and 
error. This notion is especially important in education, where 
“trial and error” can turn into “trial by fire” for those being 
educated. The methodology outlined requires further 
development, as many subtleties remain unclear. The authors 
are hoping to conduct more detailed case studies in this area 
in the future. 
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ABSTRACT 

The present paper aims to underline the strict connection 
among a series of valuable methods for product design: 
Functional Analysis, Axiomatic Design and Quality Function 
Deployment, that must be employed jointly in order to allow a 
designer to reach a good solution for an industrial product. 
These methods, that share the matrix format common basis, 
must mutually exchange the elements at the basis of each 
method: Customer Needs, Functional Requirements, Design 
Parameters, in a sort of virtuous circle. 

After a brief  introduction to the matrix formulation of 
each method, the circular exchange of parameters among the 
methods will be discussed. 

A case of study will clarify how the methods can interact 
and how the parameters can be used in each single method 
allowing the designer to have a better control of the whole 
design process.  

 

Keywords: Interaction among design methods, Functional 
Analysis by means of  Graph, Axiomatic Design, Quality 
Function Deployment.  

 

1 INTRODUCTION 

Since the seventies of last century, many work has been 
proposed about the engineering approach to design, starting 
from the pioneer studies of Hubka and Eder  [1988] and Palh 
and Beitz [1996]. In the copious literature on this subject, a 
shared viewpoint considers the design process as based on a 
continuous assessment activity towards the “right” solution to 
the problem. In this process the designers must organize and 
order the elements that characterize the solution and verify if 
they merge with the original starting point related to the 
customer needs.  

Several methods have been suggested to aid the design 
process, and many of them can be profitably used for single 
phases depending on domain-specific views. Further the 
personal attitudes of designer and the stakeholders 
involvement degree can suggest the most suitable road map to 
be followed. In this paper the integration among Functional 
Analysis (FA) Axiomatic Design (AD) and Quality Function 
Deployment (QFD) will be outlined and a central role 
assigned to the Design Matrix of  AD will be highlighted. 

Axiomatic Design methodology has gained in the years a 
certain attention by designers and academics in that it gives a 
formal and analytical data structure that can allow checking 
the validity of the solution under investigation [Suh, 2001]. 

The Design Matrix, core of the method, can validly 
support the designer only when a solution has been reached 
and a correlation between functional requirements (FRs) and 
design parameters can be established. Axiomatic Design offers 
so a methodology able to solve conflicts that can emerge 
when some rows of the Design Matrix are in linear 
combination and many design parameters influence conjointly 
several functional requirements. This is the moment in which 
the designer has to solve the conflict, redesigning the solution 
or searching for modified version, for the Functional 
Requirements. In any case, the whole matrix must be reviewed 
and a new design architecture must be analyzed.  

This process can’t be thought independently from the 
design thinking and the customer needs. So designers should 
have continuously under control how the solution has 
reaching a valid design and how this adheres to the 
requirements extrapolated from the customer needs. Only an 
active circulation of these three aspects can be guarantee, with 
a sufficient degree, that the solution begins to converge 
towards a valid solution. 

Functional Analysis of an industrial product [Stone and 
Wood, 2000], [Bruno et al., 2003] is a valuable method that can 
support the conceptual design. Any industrial product can be 
represented by a graph structure [Kusiak and Huang, 1996], 
[Rizzuti et al., 2006]. Really it can be represented as a series of 
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four overlapping graphs in which each level reports the 
connectivity among the functional blocks subject to a 
particular kind of link (energy, material, signal, force). While 
the first three graphs describe what happens inside the 
solution in term of flow of energy, material and signal 
respectively, and they are directed graphs, the forth represents 
the so called liaison graph and is a non-directed graph. This 
latter can guide the physical architecture of  the solution when 
the functional requirements are replaced with real parts and 
the links assume the meaning of the physical connection 
among them. This kind of representation is self  consistent till 
a level of  Functional Requirements decomposition in which, 
each Functional Requirement, can be associated to a real 
component. 

QFD has been confirming, since its appearance in the 
early seventies in Japanese area, as a valid methodology to 
globally evaluate the designed solution in a strict contact with 
the customer needs from which it has taken form [Hauser and 
Clausing, 1988]. During this time the House of Quality 
(HoQ), the structured data collection related to the design 
process, has been used for different tasks, in that several 
researchers have employed it by putting in evidence many 
aspects of the way by which a firm can reach a solution [Lee 
and Kusiak, 2001 ], [Kreng and Lee, 2004].  

In the context of product development putting in relation 
how to solution works, collecting the main characteristic of 
the product and its main parameters, and the customer needs 
can only be done when at least one product architecture has 
been performed. So HoQ can properly start at a certain stage 
of development for a new product, or in the design review 
process.  

An intriguing context for product development consist in 
striving for innovative characters of the solution and a certain 
attention has been given to the inventive problem solving. 
Triz (or TIPS) methodology [Altshuller, 1998] seems to 
support this aspect. Its main contribution consists in a certain 
strategy to find contradictions embedded in the solution 
“invented” to solve a problem. This paper would aim to 
demonstrate that an alternative way to find contradiction in a 
design solution is possible and that it can be mainly based on 
the Axiomatic Design method. 

 

2 DATA STRUCTURES FOR THE DESIGN 

PROCESS 

A real advantage in using the design methodologies, briefly 
outlined, consists in the possibility for them to be supported 
by software tools that can really aid the stakeholders involved 
in the process. The design process is typically dynamic and so 
also dynamic should be the data structures required, even the 
final target of a unique software ambient, in which the whole 
design process can be represented, is not forthcoming. 

A first problem to be solved in this direction is related to 
the data structure that can be used. The matrix format that 
contain information between pair of parameters is the most 
suitable. This is confirmed also by other methods currently 
used in project management, as the Design Structure Matrix 
that provides a simple, compact and visual representation of a 
complex system that supports innovative solution to 
decomposition and integration problems [Browning, 2001]. 

Further, the matrix format allows to operate the multiple 
domain mapping [Deubzer et al. , 2008], even mapping is not a 
novelty, being extensively employed either in AD or in QFD.  

The information contained in each cell of  a matrix can 
indicate: the presence of a relation or a formal equation or a 
value that characterizes the degree of the relation. Further the 
matrix format can be easily updated in dimension 
adding/removing elements from its row or column.   

The most evident peculiarities of  a such data structure are: 
- it is able to support an integrated development tool;  
- it is able to manage the evolution towards a solution 
- it is able to manage the problem decomposition. 
 
Each of the three methods Functional Analysis, Axiomatic 
Design and QFD, are supported by matrix formulations and 
their integration can be pursued. 
 

2.1 DATA STRUCTURE FOR FUNCTIONAL ANALYSIS  

In order to describe the interrelation among the methods 
the Functional Analysis is limited to the only liaison aspect 
among components/functions. It can be described by a 
square matrix with identical row and column labels (see Table 
1.). The rows and columns contain all the Functions that the 
solution should perform. Further the first row and column 
represents the outer of the “system”, with which the whole 
“system” interacts. The Function name is of type FRijh and 
follows the way in which a Functional Requirement is 
represented in Axiomatic Design. So the indexes i-j-h are 
related to the h-th sub-sub-function of the j-th sub-function 
of the i-th function. The “outer” is represented by the symbol 
! in the Liaison Matrix. 

Every time a function FRk is decomposed in m sub-
functions the existing row and column change meaning, 
assuming the FRk1 label, and m-1 rows and columns are 
added right way and down way from the pointer p(k) to the 
FRk row and column. 

Each diagonal term contains a Data Structure (DS), related 
to the Functional Requirement, that collects a set of 
information about the function (Name and Action) and a 
device that performs the function (Material Characteristics 
and Environmental Impact Factor). The  DS has the 
following standard fields: 

• Functional Block Name 

• Action Developed 

• Material Involved 

• Material Property 

• Environmental Impact Factor 
and it has been designed to support a life cycle assessment of 
the designed solution since the early stage of product 
development. A tool able to manage the DS has been 
implemented in Matlab®. 

The off-diagonal terms of the matrix, or cells, contain 
information about the liaisons among the FRs. This part of 
the matrix is really an unvalued adjacence matrix of a graph by 
which can be visualized the functions structure related to the 
solution or to a product architecture, designed when the 
functions are replaced by devices. Each cell i-j (when i"j) of 
the matrix represents an edge of the graph and can assume the 
values 1 or 0 if  a connection is present or not. Figure 1 



Axiomatic Design as a means to find contradiction in an integrated approach to product design 
The Fifth International Conference on Axiomatic Design 

Campus de Caparica – March 25-27, 2009 
 

Copyright © 2009 by ICAD2009  101 

represents the graph associated to the Liaison Matrix of Table 
1., visualized by the Matlab application. 

These information can be processed in several ways. Off-
diagonal part of  the Liaison Matrix is checked in order to 
verify if  each function (components) is related (connected) to 
others. The Liaison Matrix is mainly important for this study 
and the FRs, developed at each stage of  design process, can be 
directly  transferred to the Design Matrix of  Axiomatic 
Design.     

Table 1. Liaison Matrix. 
 

 ! FR1 FR21 FR22 FR23 FR3 FR41 FR42 … 

! _ 1     1   

FR1 1 DS1 1 1   1   

FR21  1 DS21  1 1    

FR22  1  DS22    1  

FR23   1  DS23 1    

FR3   1  1 DS3    

FR41 1 1     DS41 1  

FR42    1   1 DS42  

…         … 

 
 

 
 
Figure 1. Graph associated to the Liaison Matrix of  Table 
1. 
 

2.2 DATA STRUCTURE FOR AXIOMATIC DESIGN  

Axiomatic Design method can give a valid support at the 
early stage of product design, by the application of the first 
Axiom. In this phase the designer is urged to individuate the 
right Design Parameters (DPs) that must be associated to the 
FRs that have been identified in the previous step. Also for 
this analysis the designer should arrive to a square matrix as a 
necessary condition in order that a problem can be formally 
analysed. The study of the Design Matrix can guide the 
designer to discover hidden contradiction in the solution, or 
better, in the way how the FRs are performed by real 
components and are controlled by suitable DPs. The 

sufficient condition by which a problem can be validly 
controlled requires a lower triangular matrix. For the designer 
is important to reach this state and the Design Matrix form 
gives most useful information how to modify the solution. In 
fact, this crucial phase can require or a better search for new 
parameters or a radical revision of the product architecture 
and/or the search for new formulation of the FRs, that, being 
expressed in the classical form of “active verb + noun”, can 
require major stress in the expression used. Until that a lower 
triangular matrix (or ideally a diagonal matrix) is reached the 
designer must return in the previous domain (Functional 
Domain) and re-elaborate the solution. Table 2. reports a 
classical “coupled” matrix that requires a revision. A detailed 
exam must be done to FR21 and FR23 and the nature of  their 
associated parameters DP21 and DP23 should be verified.  

  

Table 2. Design Matrix. 
 
 DP1 DP21 DP22 DP23 DP3 DP41 DP42 … 

FR1 X        

FR21  X  X     

FR22  X X      

FR23  X  X     

FR3     X    

FR41     X X   

FR42  X    X X  

…         

 
A further phase can be taken into account when most of 

the problems are solved and the robust design phase should 
start. The emphasis is so centered on the way how the 
solution performs in respect to the target defined at the 
beginning. In this phase the second Axiom can suggest where 
investigate for better solution.    

 

2.3 DATA STRUCTURE FOR QFD  

The relation matrix of QFD has a rectangular form since  
the number of  rows, in which the Customer Needs (CNs) are 
reported, can be different from the number of columns, in 
which the main characteristics of  the solution found are 
reported. The main characteristics, so generally named in 
literature, in this approach coincide with the Design 
Parameters, that emerge after the conjoint work in the 
Functional Domain and the Axiomatic Domain. 

In the cells of  the relation matrix a certain number of 
figures or symbols that express a strong positive, medium 
positive, medium negative, strong negative relation between 
CNj and DPi, are reported (see Table 3.). The designer, and all 
the stakeholders, are invited to discuss on the solution found 
and on its strength or weakness, in comparison to other 
solution by competitors. 

The discussion in this phase can also introduce elements 
to be taken into account in the process, even these are more 
addressed to management problems than to technical 
problems. 
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Table 3. Relation Matrix. 
 

 DP1 DP21 DP22 DP23 DP3 DP41 DP42 … 

CN1 9  3  1  9  
CN2  9  3     
CN3 3 9 3  9 3   
CN4   9 9     
CN5 1   1 9    
CN6   1   9 3  
…         

 

3 DATA STRUCTURE INTERRELATION 

Figure 2. shows the ambient in which the methods 
described in the previous paragraphs interrelate. The data 
exchange gives coherence to the whole process, and the 
matrix format avoids the loss of information during the design 
steps. This starts typically from the input represented by the 
Customer Needs, explicitly or implicitly expressed, that are 
collected and interpreted employing the techniques currently 
used in marketing practice. 

The CNs are transformed in a certain number of 
Functional Requirements that characterize the solution to be 
searched. After the definition of the main function, the 
functional analysis can proceed till a certain degree of detail 
applying the decomposition of functions. This must be seen in 
strict contact to the customer needs. The application of graph 
theory in the functional area offers the possibility to store the 
elaborations or “inventions”, in a matrix format. 

The FRs so defined, becomes the rows of the Design 
Matrix. The search of Design Parameters associated to the 
FRs can be considered the core of the design process. The so 
called zigzagging for decomposition and hierarchy is 
conjointly operated between the FA and AD data matrices. 
The first method allows to check the consistency of the 
solution in term of connectivity, the second check how the 
solution can be controlled by the most suitable parameters. 

 

Figure 2. Interrelation between matrix structures. 

The DPs able to control the solution can be transferred at 
the roof of HoQ, and starting form this moment it is possible 
to close the circle and verify how the solution that can be 
considered sufficiently adequate, in engineering terms, remains 
valid also in the wider context of  customer satisfaction. The 
interaction between AD and QFD can suggest the best values 
or ranges for Design Parameters, not only oriented to robust 

design but also to the most attractive solution for the 
customer. 

 

4 CASE OF STUDY 

The example chosen to illustrate how to operate according 
to the approach concerns the redesign of an indicator for a 
modern motorbike.  
Figure 3 shows a sample of this product typology. 
 

 
 

Figure 3. The indicator under consideration 
 

The Customer Needs take into account not only functional 
aspects but also psychological factors that can influence 
motorcyclist. A list of  this needs is as in the following: 
 

• CN1: Racing aspect 

• CN2: Dimension reduced 

• CN3: Weight reduced 

• CN4: Good aerodynamic penetration 

• CN5: Good luminous efficiency 

• CN6: Affordable costs 

• CN7: Conform to Traffic Rules 
 
After the Customer Needs definition has been completed it is 
necessary to transform the CNs in a certain number of  
Functional Requirements (FRs). 

The first functional block, namely FR0 in Figure 4, 
represents the overall function of the product, that can be 
expressed as: “to indicate the direction of turning”. This can 
be represented by a functional block that interact with the 
outside, by means of three kind of links: a) a link of energy 
(depicted by the red line) related to the electricity used to turn 
the lamp and to the light emitted; b) a link of  signal (depicted 
by the green line), related to the actuator an to the intermittent 
light; c)  a link of force (depicted by the blue line) by which is 
represented that the device is fixed to the motorbike.  
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Figure 4. The main Functional Requirement. 

 
The procedure continues with the decomposition in many 

more blocks to further detail all the possible functions 
involved. The designer must continuously analyze the 
functional structure of  the product in order to build a valid 
product architecture that satisfy the Functional Requirements. 
Considering that the energy and signal links remain 
unchanged, the following analysis will focus on the logic 
connection among blocks associated to the physical liaison 
among the parts that can perform each task. The first block 
FR0 could be decomposed into the following blocks (see 
Figure 5a): 
 
FR1: Emit light in a specific direction 
FR2: Fit to the  motorbike 
 
and still decomposing, we can achieve the following block 
structure (see Figure 5b): 
 
FR11: Emit the light 
FR12: Direct the light 
FR21: Fit to the motorbike 
FR22: Support the parts  
FR23: Improve the aerodynamic penetration 
 
The function FR22, according to Customer Needs, has to be 
performed in such a way to respect an important constraint 
for the sector to which the product is aimed, that is to reduce 
the total weight of the motorcycle. Even the weight of the 
device is imperceptible with respect to the total motorcycle 
weight, it is recognized as highly relevant by motorcyclists. 

 

                
a)               
      
          

 
b) 
 
Figure 5. Decomposition of  Functions. a) first level of 
decomposition; b) second level of  decomposition. 
 

Supposing that it is not required any further 
decomposition of block in sub-blocks, the Liaison Matrix has 
the structure reported in Table 4.  

Table 4. Liaison Matrix for the case study. 
 

 ! FR11 FR12 FR21 FR22 FR23 

! _   1   

FR11  DS11 1  1  

FR12  1 DS12  1  

FR21 1   DS21 1 1 

FR22  1 1 1 DS22 1 

FR23    1 1 DS23 

 
In order to complete the Data Structure related to each 

Functional Requirement it is necessary to identify the parts 
that perform the function represented by the functional block 
of this level of  decomposition. It is intuitive, at this point, to 
recognize as the functions can be performed by various 
components such as: light-bulb, the lens hood with the plastic 
transparent glass, the coupling, the shell that support the 
indicator, the shape of the indicator. 

Once known the Functional Requirements and also the 
potential solutions for each of them, it is possible to find the 
Design Parameters able to control the FRs. For this product, 
the Design Parameters, could be: 
 

• DP11 - The light intensity, measured in candles or 
better in Watts  

• DP12 - The opening angle of the light beam in 
radians 

• DP21 - The diameter of  the stem to be joint to the 
motorbike in mm 

• DP22 - The product weight in grams 

• DP23 - The coefficient CX of  aerodynamic 
penetration or simply the frontal section in mm2 

 
The Design  Matrix becomes as in Table 5: 
 

Table 5. Design Matrix for the case study. 
 

 
 

 
 
 
 
 

 
 
 
It is possible to recognize a conflict between FR12 and 

FR23 because both parameters DP12 and DP23 conjointly 
influence them, in that the angle of the light beam and the 
aerodynamic penetration could affect mutually. Further, the 
aerodynamic penetration (DP23), expressed by the frontal 
section, is in relation with the indicator stem by which are 
explained the functions FR21 and FR22. On the other hand 
there is a relationship between the functional requirement of 
improving the aerodynamic penetration with the limited 
weight of the whole apparatus. The relation is not direct and it 

 DP11 
(W) 

DP12 
(rad) 

DP21 
(mm) 

DP22 
(gr)  

DP23 
(mm2) 

FR11 X     

FR12  X   X 

FR21   X  X 

FR22    X X 

FR23  X X X X 
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is present because, in practice, reducing the size of the 
product, its weight tends partially to decrease. 

Now, at this level, it is possible to put in relation the 
Customer Needs (the “What”) with the Design Parameters 
(the “How”) through the Relation Matrix of the Quality 
Function Deployment. 
 
Table 5. Relation matrix of  HoQ for the case of  study. 
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Racing aspect 5     9 9 

Dimension reduced 4 1 3  9 9 22 

Weight reduced 5  3  9  12 

Good aerodynamic 
penetration 

3 1 3  9 9 22 

Good luminous 
efficiency 

3 9     9 

Affordable costs 1 3  3 3 3 12 

Respect of  traffic rules 2 9 9 3  1 22 

Technical 
importance 

 55 54 6 111 113  

 
From this analysis it appears that the limited size, the good 

aerodynamic penetration and the respect of  traffic rules are 
the market demands most affected by the design choices. 

The functions to improve the aerodynamics, and 
subordinately, to have a weight reduced, have the higher 
technical importance. This is exactly what it is expected from 
those who buy a product to replace the original on his 
motorbike, ignoring other aspects probably more important, 
but certainly less trendy. 

These considerations emerged from QFD and revised by 
stakeholders should lead to a review of  the product design, 
where conflicts are recognized, by iterating through a 
Functional Analysis, Axiomatic approach and QFD until the 
solution is acceptable.  

5 REVIEW PROCESS 

The case of study is a typical example of  a motorcycle part 
that can be replaced by a so called  aftermarket product. Really 
a wide range of alternative solutions are already available on 
the market for this part. In the following two of them will be 
analyzed on the basis of the approach discussed.  

5.1 SOLUTION A  

Solution A, shown in Figure 6, presents only a reduced 
global dimension with respect the original one. So for this 

solution all the discussion made about FRs, DPs and their 
influence on CNs remain unchanged. In the design matrix the 
contradiction related to the influence of the coefficient DP23 
(aerodynamic penetration) on many FRs remains. The part 
has only a reduced frontal section that, in any case, influences 
positively the aerodynamic aspect. The reduced dimension 
implies in any case a lower weight.   
 

 
 

Figure 6. Solution A 

5.2 SOLUTION B  

Solution B, shown in Figure 7, presents a radically 
different product, in which the parameters related to weight 
reduction and aerodynamic penetration are stressed. 

 
Figure 7. Solution B 

 
To fulfill this task the part that badly influenced the 

aerodynamic performance was eliminated, by coupling the 
indicator in direct contact with the vehicle hull. This allowed 
to remove the stem. 

The only Functional Requirements that remain active are 
the following: 
 
FR11: Emit the light 
FR12: Direct the light 
FR2: Fit to the motorbike 
 
with a simplification of  the functional schema, reported in 
Figure 8. 
 

 
 

Figure 8. Decomposition of  Function for the Solution B 
 

Table 6 reports the Liaison Matrix associated to this 
solution. As can be seen, the relationship among FRs is very 
balanced.  
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Table 6. Liaison Matrix for the Solution B 
 
 
 
 
 
 
 
 

Table 7 reports the Design Matrix which presents a really 
minimal structure and reflects the reduced number of 
components. 
 

Table 7. Design Matrix for the Solution B 
 
 
 
 
 
 
 

The result of  this change has also a direct influence on the 
total weight reduction, while the possibility for the indicator 
to form one body so close to the hull improves its 
aerodynamic. The new product design also break down the 
cost, very high for the original one. The result of  this new 
product is accordance with respect of the main Customer 
Needs. The only problem is related to the respect of EC rules, 
since the possibility to use the new component on the vehicle 
must be authorized by testing at Bodies. 
 

6 CONCLUSION 

 The flow of  information among the Relation Matrix of 
House of Quality, the Liaison Matrix of Functional Analysis 
and the Design Matrix of  Axiomatic Design has been 
investigated in the paper. The interrelation among these 
methods has been possible mainly because all methods use the 
matrix format to store the data and the data exchange has 
been pursued because the dimension are correlated.  

The relationship between Customer Needs and Functional 
Requirements is the starting point for product design and is 
regularly verified in order to guarantee that the FRs agree to  
the needs emerged in the market. The reasoning about FRs 
allows the designer to develop a functional structure, 
supported by a Liaison Matrix, and then to design a physical 
architecture for a solution. At this point the Design Matrix 
can start to check if  the solution is valid. In this phase the 
First Axiom of Axiomatic Design can aid the designer to 
verify if  the solution is really valid or hides any contradiction 
between Functional Requirements an Design Parameters. A 
further step requires to check the relation between Design 
Parameters and Customer Needs in the House of Quality. 
This latter closes the “design circle” and gives to the designer 
further information about the “quality” of  the solution.  

The paper has demonstrated that a virtuous circle can be 
activated among these methods, but a real improve can be 
reached only if  a software tool can support it. In the near 
future major efforts will be dedicated to this aspect, mainly for 
supporting the Functional Analysis by a tool able to visualize 

the functional structure and to build the Liaison Matrix 
simultaneously. 
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ABSTRACT 

Minimum Constraint Design (MinCD) is a design 
approach for mechanical systems yielding to the required 
performance with a minimum number of  external constraints 
at each one of  the system’s components. 

The method is claimed to be appropriate for the design 
of  mechanical systems, allowing for assembling with zero 
looseness and binding, zero distortion and no residual stress. 
Such designs can be implemented with simple machining, 
loose manufacturing tolerances and semiskilled labour for 
both assembling and disassembling.  

As a result, MinCD allows for cost decreasing in both 
design and manufacturing, and to a noteworthy increasing in 
reliability and maintainability. 

According to the 1st Axiom of  Suh’s Axiomatic Design 
(AD), ideal designs are independent, that is, the mapping 
between design requirements and design parameters must be 
achieved in such a way that the variation of  any specific design 
parameter affects one only design requirement. 

This paper shows through selected examples that 
Minimum Constraint Design is a particular case of  AD’s 1st 
Axiom. 

 

Keywords: MinCD - Minimum Constraint Design; Least 
Constraint; Kinematic Design; Axiomatic Design; First 
Axiom. 

 

1 INTRODUCTION 

The designing and construction of  prototypes, or “one-
off” products, always involves uncertainty of  several types and 
different origins, which reduction must be achieved in the 
current competitive marketplace that requires high quality 

products with increased performance and reliability at a low 
cost and in a short time. 

One way to make products unresponsive to geometrical 
uncertainties within certain limits is to apply the Minimum 
Constraint Design (MinCD) approach. MinCD recommends 
supporting and guiding each body only at points — and at as 
few points as possible — to attain the desired performance, at 
the same time conferring to the product the adequacy to the 
real world conditions. 

A brief  presentation of  the Minimum Constraint Design 
(MinCD) approach and a short explanation of  Axiomatic 
Design (AD) will be made in this paper, as a means to provide 
a basic understanding on the relationships between them. 

In addition, two worked examples will be presented here 
with the purpose of  showing that MinCD is in accordance 
with the 1st Axiom of  Axiomatic Design. 

 
 

2 THE MINIMUM CONSTRAINT DESIGN 

The application of  Minimum Constraint Design 
methodology (MinCD) [1], means to support and guide each 
body only at points, and at as few points as possible to attain 
the necessary performance. 

This method, firstly named by Gauss in 1829 as the 
“Principle of  Least Constraint”, in a paper called “Über ein 
neues Grundgesetz der Mechanik” [2], leads to the minimum 
number of  constraints that are needed to allow the required 
functionality with no extra degrees of  freedom. 

The physical components with mechanical links must be 
chosen in such a way that they do not bring in superfluous 
constraints [3]. A typical example is the use of  self-aligning 
bearings allowing rotations in any direction, compensating for 
misalignments, instead of  rigid ball bearings that just allow 
axial rotation and have no ability to adjust its shape to the 
imperfect real conditions. 
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Minimum Constraint Design provides zero binding and 
zero looseness of  moving parts. In addition, it provides zero 
stresses and strains for assembling and installing stationary 
assemblies, without the need of  rework. 

This method increases both reliability and maintainability, 
even with loose manufacturing tolerances and semiskilled 
assembly labour, which provides major cost reductions in 
product design and manufacturing.  

When a minimum number of  constraints is used, all the 
forces acting in the parts are determined by equilibrium alone. 
When there are more than the minimum number of  
constraints, the forces in the parts depend critically on errors 
in manufacturing, temperature difference between one part 
and another, and so on [4]. 

For example, when someone sits on a three-legged stool, 
the load on each leg can ideally be calculated from equilibrium 
considerations, whereas this is not the case with a four-legged 
chair. If  one slips a thin piece of  wood under one leg of  the 
chair, the load in the legs will change. If  one does the same 
with a three-legged stool, the load will not change. 

However, pure MinCD, also known as “Kinematic 
Design” [4], has limitations, due to high stress at the contact 
points and elasticity of  the materials. An illustration of  this 
would be a MinCD ball bearing with only three balls. 

 Usually, some degree of  compromise with absolute 
purity of  MinCD has negligible, unwanted effects and can be 
economically justified. 

 

2.1 THE REDUNDANT CONSTRAINT DESIGN 

A limitation of  MinCD is related to the elasticity of  
materials, which effects are more important in the case of  
large parts subjected to distributed loads.  

In that case, it is economically preferable to provide a 
redundant number of  distributed fasteners — Redundant 
Constraint Design (RedCD) — instead of  sizing the part to 
carry the load with MinCD fasteners.  

There are several examples, such as heads of  cylinders, 
flanges for pipes or thread screws, where MinCD is not 
preferred and another principle may be invoked, which is 
called “Elastic Design” [4].  

The principle of  elastic design might be stated: “if  there 
is going to be a fight, let it be a very uneven one to ensure that 
the loser is not hurt” [4]. An example of  elastic design can be 
observed in modern design of  power line towers, which are 
allowed to bend until the loads in the cables are nearly equal. 
The cables can easily overload the tower, but the tower is 
flexible enough not to be harmed [4]. 

 

2.2 ADHERENCE TO THE REAL WORLD 

In pure MinCD, each support or guide acts only at points 
of  contact. This can be disadvantageous because high stress 
concentration would appear at the point supports. 

In real word materials, high contact stresses cause some 
combination of  elastic, inelastic, and wear deformation, which 
will enlarge the point contact to an area contact, where the 
load will spread and the stresses will be reduced until the 
equilibrium is attained. 

Design with such compromise is called semi-MinCD, 
since it uses finite contact areas instead of  using point con-
tacts, in an otherwise MinCD configuration. 

There is a special class of  semi-MinCD, named “matched 
sets”, that uses elastic, inelastic, and wear deformation, to 
“match” both surfaces in contact, instead of  requiring high 
manufacturing accuracy.  

For the purpose of  this paper, it will be considered the 
semi-MinCD approach. 

 
 

3 AXIOMATIC DESIGN 

Axiomatic Design (AD) [5] is the only design theory that 
mathematically describes the whole design process, according 
to the mode that the human mind operates during the 
development of  designing tasks. 

Therefore, AD provides a systematic approach to design, 
based on scientific thinking, by introducing axioms and 
theorems, as well as the concepts of  domains, zigzag 
decomposition, and design matrices, for all the levels of  the 
design process. 

 

3.1 THE DESIGN ENVIRONMENT 

In the AD terminology, the world of  design is made up 
of  four domains: the customer domain, the functional 
domain, the physical domain, and the process domain [6]. 
These domains are shown in figure 1, and its contents can be 
described as follows [7]: 

Customer Domain: contains the Customer Needs (CN) or 
Attributes that the customer seeks in the product or in the 
system; 

Functional Domain: contains the Functional Requirements 
(FR) of  the design object. In a good design, they are the 
minimum set of  independent requirements that completely 
describe the functional needs of  the design solution; 

Physical Domain: contains the Design Parameters (DP) of  
the design solution. They are the elements of  a design 
solution that are chosen to satisfy the specified FRs; 

Process Domain: contains the Process Variables (PV) that 
characterise the production process of  the design solution, i.e. 
satisfies the specified DPs.  

 
 

 

 

Figure 1.  Axiomatic design domains, their contents 

and relationships. 
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In each pair of  adjacent domains, the domain on the left, 
relative to the domain on the right, represents ‘What is 
required to achieve — i.e. the goal’. The other domain 
represents ‘How it is achieved — i.e. the way to achieve the 
goal’.  

Design is attained by interactions between the goals of  
the design and the way that is used to achieve the goals. The 
goals of  the design are specified in the functional domain 
(where only immaterial items exist), and the way of  achieving 
them is proposed in the physical domain (where some 
possible real solutions able of  performing the specified 
functionalities are represented).  

The design process is the mapping of  relationships 
between the domains, as represented by design matrices: for 
example, a product design matrix, which represents the 
relationships between FRs and DPs; and a process design 
matrix, which depicts the relationships between DPs and PVs. 

Constraints are the bounds of  acceptable solutions, 
which can be of  two different kinds: input constraints and 
system constraints. Input constraints are imposed as part of  
the customer needs, and system constraints are imposed by 
the generated design solution. 

The mapping between the FRs and DPs can be 
summarized in equation (1), where {FR} is the FR vector, 
{DP} is the DP vector, and [A] is the design matrix. 

 

  (1) 

 

Where  (2) 

 

If DPj affects FRi, then the corresponding element Aij in 
the design matrix is non-zero. Otherwise it is zero. 

 

3.2 HIERARCHIES AND ZIGZAGGING 

Another important concept in AD is the hierarchical 
decomposition through zigzagging between domains, starting 
from the ‘What’ domain to the ‘How’ domain, in a top-
bottom way, beginning at the system level and continuing 
through levels of  more detail [5]. 

After solving the top-level, FRs and DPs are identified to 
provide enough design information, and they should be 
decomposed until the design reaches the final stage, the leaf  
level, creating a design that can be implemented. The 
hierarchies that were established between FRs and DPs 
represent the design structure, which is also known as the 
system architecture [7]. 

This means that the DPs at the leaf  level should not need 
either redesigning or further decomposition. 

An example of  a possible zigzagging path between the 
functional and the physical domains relating to the design of  
an engine is shown in Figure 2.  

 

 
 
Figure 2. The zigzag path of  the hierarchical 

decomposition ( adapted from [8] ). 

 

3.3 THE PRINCIPLES OF DESIGN 

The underlying hypothesis of  AD is that there exist 
fundamental principles that govern good design practice.  

There are two design principles, or axioms, that are used 
in AD, which provide a tool for analysis.  

The two design axioms may be stated as follows [5], [6], 
[7]: 

 
The Independence  Axiom ( f i r s t  axiom):  
Maintain the independence of  functional requirements. 
This means that each one of  the FRs should be satisfied 

by adjusting one only DP without affecting the accomplish-
ment of  any other FR. 

 
The In format ion Axiom (se cond axiom):  

Minimize the information content of  the design. 
The purpose of  this axiom is to help in finding out the 

alternative design solution with the highest probability of  
achieving the FRs. 

During the decomposition, the independence axiom and 
constraints should be applied to the design matrix to ensure 
that an uncoupled or a decoupled design matrix is obtained at 
each level of  the design process.  

Since the design process does not lead to a unique 
solution, the information axiom should be used to compare 
the alternative solutions that were previously found.  

 

3.4 THE FIRST AXIOM 

The first axiom states that in an ideal design, a strict one-
to-one relationship between FRs and DPs should be 
observed. Thus, the number of  FRs and DPs should be equal. 
Such design is known as uncoupled design and is 
characterized by a diagonal design matrix, which indicates a 
one-to-one relationship between FRs and DPs while ensuring 
that FRs can be fulfilled in an absolutely independent way. 

However, complete uncoupling may not be easy to 
accomplish in the real world, where interactions between 
factors are usual.  

Designs where the accomplishment of  any FR depends 
on more than one DP are acceptable, as long as the design 
matrix [A] is triangular. This is called a decoupled design. A 
decoupled design also fulfils the independence axiom, since 
the DPs can be specified in a sequence such that each FR can 
ultimately be controlled by one only DP [5].  



The Minimum Constraint Design and the first axiom  

The Fifth International Conference on Axiomatic Design 

Campus de Caparica – March 25-27, 2009 

 

110  Copyright © 2009 by ICAD2009 

Any other shape of  the design matrix that cannot be 
transformed into a triangular one by simple permutation of  
columns or rows represents a coupled design, i.e. contains 
interdependences between the FRs that cannot be avoided. 
Therefore coupled designs should be avoided according to 
Axiomatic Design. 

The basic categories of  design that are based on the 
shape of  the design matrix are shown in Figure 3, where “X” 
represents non-zero elements. 

 

   

 
 Uncoupled Decoupled   Coupled 
 
Figure 3. Basic categories of  design matrices. 

 

 

3.5 THE SECOND AXIOM 

The Information Axiom provides a means of  evaluating 
the quality of  designs, thus facilitating the selection among the 
available design alternatives.  

This is accomplished by comparing the information 
content of  the existing alternative solutions in terms of  their 
probability of  satisfying the FRs.  

The minimum information criterion is a powerful tool in 
optimization and simulation of  design/manufacturing 
processes when there are several variables with respect to 
which the solution must be optimized. [6] The information 
content evaluation can be used to select the best solution 
among those proposed, regardless of  the number of  variables 
involved. In terms of  the information axiom, the best solution 
is the one that possesses the minimum information content 
and simultaneously satisfies Axiom 1. 

The information content in a one FR and one DP design 
[5] is expressed as the logarithm of  the inverse of  the 
probability of  success p: 

  (3) 

In the simple case of  uniform probability distribution, 
the equation above can be written as: 

 

  (4) 

 
where the area of  the system range is computed from FR’s 
probability density function and the area of  the common 
range is the fraction of  the above mentioned area that is 
inside of  the range limits, as shown in Figure 4.  

In other words, the system range depicts the capability of  
the current system in terms of  tolerances, the design range 
defines the acceptable range associated with the specified DP, 
and the common range refers to the amount of  overlap 
between the design range and the system range. 

 
 
Figure 4. Probability calculation of  success in a one 

FR and one DP design [6]. 

 
For an uncoupled design with n FRs, the total 

information content, I , can be computed through 

  (5) 

 
where pi is the probability of  FRi being satisfied by DPi [5]. 
When all the probabilities, pi, are equal to one, then the 
information content is zero. Conversely, the information 
content is infinite when one or more of  the pi are equal to 
zero. 

Complex systems require a substantial amount of  
information to perform as expected, and large systems that 
are made with many components are not necessarily complex. 
On the other hand, systems with a small number of  
components are complex if  their probability of  
accomplishment is low. 

 
 

4 EXAMPLES 

A method to develop the design process of  supporting 
and guiding machine parts, in order to make the product 
indifferent to the geometrical uncertainties is analysed in the 
following examples. 

The application of  Minimum Constraint Design 
(MinCD), recommends supporting and guiding each body at 
as few points as possible, to attain the desired performance. 
This makes the effects at each support to be independent of  
the effects at the other supports, so that the design solution is 
in accordance with the 1st Axiom. 

In our examples, the functional requirements {FR} are 
the positions of  the supporting points of  the machines’ parts, 
which goal is to maintain them fixed or guided through a 
defined trajectory; the design parameters {DP} are the loads 
that are imposed to the parts of  the machines by the support-
ing components, in order to maintain the support points in 
the required positions. 

Therefore, Eq. (1) can be re-written as follows: 
 

  (6) 

 i = 1,  … n;     j = 1,  … n; 
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where “Positioni” comprises the localization and orientation; 
and “Supportj” ensures the position of  the point by applying 
loads that impose the static equilibrium of  the body. 

 

4.1 SUPPORTING A SCREW CONVEYOR  

In the real World, there is always uncertainty of  several 
types and several origins, which elimination is not possible 
without paying a cost. 

Considering the geometrical uncertainties, it is not 
possible to warrant that the screw shaft follows a strait line, or 
the base plates where the supports rest are coplanar, or the 
axes of  the supports and the screw shaft are co-linear, mostly 
due to weight and elasticity of  materials, as well as due to the 
manufacturing processes. 

In this case, we intend to support the screw conveyor by 
its ends allowing axial rotation, which means that we have to 
constrain five from the possible six degrees of  freedom of  the 
screw, as shown in Figure 5. 

 

 

Figure 5. Screw conveyor and its supports. 

 

Supposing that the shaft would be supported by rigid ball 
bearings that do not allow either linear or angular displace-
ment in any direction, Eq. (6) would be written as follows:  

  (7) 

 
Substituting the position of  each point by its linear and 

angular displacements, and substituting the support by its 
reactions (forces and torques), Eq. (7) can be re-written as Eq. 

(8), where: ! are the linear displacements of  each point in the 

directions of  the co-ordinate axes; " are the angular displace-
ments of  each point around the same directions; F are the 
forces that are induced by each support in the directions of  
the co-ordinate axes and M are the torques that are induced by 
each support at the same directions. 

Since the screw is required to rotate around its axis, then 
it must have one only degree of  freedom. Thus, according to 
MinCD, five constraints must be imposed in order to satisfy 
the above-mentioned requirement. 

  (8) 

 
Therefore, we should remove the unnecessary reactions 

letting the shaft be supported by two simple supports, one of  
them fixed and the other one axially movable. 

In physical terms, this can be achieved by using self-
aligning bearings, for they allow rotation in any direction, thus 
compensating both the shaft deflection and the possible mis-
alignment of  the end supports. 

Additionally, one of  the bearing housings must have an 
axial gap, to allow the axial displacement of  one of  the shaft 
ends, in order to allow for the compensation of  thermally 
induced variations of  the shaft length. 

 

4.2 EFFECTS OF REAL VERSUS IDEAL SITUATION  

To evaluate the results of  the MinCD approach let us 
consider now that one of  the supports, for example the 
support at point B, allows rotation in any direction and axial 
displacement, just restricting the displacements orthogonally 
to the axis of  the screw. In addition, let us suppose that the 
other support, at point A, restricts five of  the six degrees of  
freedom at that point of  the screw’s shaft, allowing only its 
axial rotation. 

In this way, the screw would be supported by superfluous 
external constraints, which would lead to the lack of  inde-
pendence of  each constraint, leading in turn to the lack of  the 
screw’s capability to adjust its shape to the real, imperfect, 
external conditions. 

In a real situation, this condition could be achieved by 
utilizing a rigid ball bearing to support the screw at the point 
A, which would allow just axial rotation, and a self-aligning 
bearing, at support B, which would allow rotation in any 
direction. 

Because support A is rigid and support B only restricts 
the displacements orthogonally to the axis of  the screw, hence 
the elements related to the reactions FBX, MBX, MBY and MBZ at 
support B in Eq. (8) would be zeroes. 

By eliminating the rows and the columns that are marked 
with a line in Eq. (9), where every element is zero, the rank of  
the design matrix becomes 8 x 8, and the relationships 
between the displacements and the reactions at the screw 
shaft end supports can be written as shown in Eq. (10), which 
represents a decoupled design matrix. 
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  (9) 

 
Therefore, Eq. (9) can be rewritten as follows: 
 

   (10) 

 
In the real world it is impossible to ensure the theoretical, 

perfect conditions due to several factors, such as self-weight, 
loading, elasticity of  the materials, imperfect shape, deforma-
tion originated by the fabrication processes, errors in the final 
or the intermediate assembly, etc. 

This means that the axis of  the screw is not a straight 
line; the surfaces of  both bases where the supports of  the 
shaft ends rests are not in the same plane; the axis of  the 
screw is not parallel to the plane where the support’s bases lay, 
etc. 

For a matter of  simplicity, one can consider that just one 
imperfection exists. For example, let us suppose that the base 

of  the support at A is inclined by an angle !AZ around the axis 
Z, as shown in Figure 6. 

The support located at point A is embodied by a rigid ball 
bearing. The axis of  the screw is inclined in the XY plane, and 
the screw end B’ would not coincide with the position of  
support B until it would be forced to its final position. 

 
 
Figure 6. Screw conveyor supported by a rigid ball 

bearing at A and free at B. 

 

To make the screw end B’ to be coincident with the 
support B, it would be necessary to apply an external force 
that would cause deformation on the screw. This would bend 
its axis, as shown in Figure 7. 

 
 
Figure 7. Screw conveyor forced to fit to support B  

 
The vertical reaction at support B, FBY, must be increased 

by F’BY to make the screw end B’ coincident with point B. In 
order to preserve the static equilibrium, the torque MAZ must 
increase by M’AZ = LAB x F’BY as well. 

The increments of  the aforesaid reactions are due to the 
fact that the ball bearing located at point A cannot adjust its 
position in order to absorb the imperfections of  the support 
base. Therefore, one can say that the supporting condition at 
point A affects the reactions at point B. This induces the 
increasing of  the shear force and the bending moment along 
the length of  the screw, which in turn increases the contact 
pressure at the end supports. 

Because the constraints are more than the minimum, the 
external forces applied to the screw by the supports depend 
critically on the real world imperfect conditions. 

In this case, the worst effect would be caused by the large 
distance between the ends A and B, combined with the small 
width of  the bearing inner bush, which would originate very 
high contact stresses, as shown in Figure 8. 

This condition could cause premature failure of  the shaft 
due to the high contact pressure, failure of  the ball bearings 
due to high torque, and fatigue failure of  the axis due to high 
stresses originated by rotating bending. 

 

 
 
Figure 8. Contact pressure applied by a rigid ball 

bearing at Support A of  the screw’s shaft. 
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4.3 LIVING WITH UNCERTAINTIES  

We will apply now the Minimum Constraint Design 
approach to the above mentioned screw conveyor, in order to 
make it unresponsive to geometrical uncertainties. Let us 
assume that both supports, A and B, allow rotation in any 
direction and restrict linear displacements in any direction. 
Additionally, let us suppose that support B allows axial 
displacement.  

The conditions are depicted in the Figure 9 and in a real 
situation they can be achieved by utilizing self-aligning 
bearings at both supports, A and B, with an axial gap in one 
of  the bearing housings to allow axial displacement, which 
will be the support B in the current example. 

 

 

 

Figure 9. Screw conveyor and its MinCD supports. 

 
The reactions marked in green colour in Figure 9, MAX, 

MAY and MAZ at support A, and FBX, MBX, MBY and MBZ at 
support B, are nil. 

In this manner, the screw is supported by the minimum 
number of  external forces (marked in red colour in Figure 9). 
These external forces restrict five of  the six degrees of  free-
dom of  the screw conveyor, allowing the screw’s capability to 
adjust the shape of  its supports to the real, imperfect, external 
conditions. 

Zeroing the corresponding elements in Eq. (8), we have: 
 

 (11) 

 

Eliminating the rows and the columns that are marked 
with a line in Eq. (11), where every element is zero, the rank 
of  the design matrix becomes 5 x 5, which can be expressed 
as follows: 

 

   (12) 

 
Therefore, Eq. (12) can be re-written as follows: 
 

   (13) 

 
As one can see, now one has a diagonal design matrix, 

which means that we achieved an uncoupled solution and the 
external forces applied in the screw by its supports are all 
determined by equilibrium alone, independently of  the real 
world imperfect conditions. 

 

4.4 PIVOTING BELT CONVEYOR  

As it was found in the previous 2-D Example, also in the 
following case, a 3-D Example, there are always uncertainties 
of  several types and several origins, which elimination usually 
is not possible. 

Let us consider now a pivoting belt conveyor intended to 
have a pivoting reception section, so that the discharge section 
can move in order to distribute de conveyed load over a heap 
storage area, as shown in Figure 10. 

 

 
 

Figure 10. Pivoting Belt Conveyor and its Supports. 

 

Since there are geometrical uncertainties mostly due to 
the manufacturing processes, it is not possible to ensure that, 
for example, both wheels would rest in a perfect plane surface, 
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or that the pivoting axis would be precisely perpendicular to 
the plane that supports the wheels. 

Let us suppose that the conveyor belt is supported by 
rigid components, which do not allow linear and angular 
displacement in any direction. In this case, Eq. (6) could be 
written as follows: 

 

   (14) 

 

Again, one can remove the unnecessary reactions by 
installing a fixed, self-aligning bearing at support A, and 
wheels at supports B and C. 

According to MinCD, the supports B and C should use 
spherical bearings running over a rigid flat surface, but wheels 
are used instead, given the impossibility of  having those 
perfect conditions. However, the axes of  the wheels must 
converge to the rotation centre A, in order to allow rotation 
of  the conveyor around a vertical axis passing through point 
A, without slipping of  the wheels. 

Under a Minimum Constraint Design condition, the 
bearing and housing of  the pivot do not allow the linear dis-
placement of  the shaft in any direction, but allow rotation 
around Y axis in any direction; the front wheels just react with 
vertical forces, and Eq. (14) can be written as follows: 

 

 (15) 

 

where the position of  each point is represented by its linear 

and angular displacements, "i and #i, respectively, and each 
support is represented by its reactions (the forces Fj and the 
torques Mj). In a compact mode, 

 

   (16) 

Thus, the Design Matrix is diagonal, corresponding to an 
uncoupled design. 

5 CONCLUSION 

The worked examples presented in the paper show that 
MinCD is a design approach that allows making the response 
of  each support independent of  the loads applied at the other 
supports. 

In fact, supporting or guiding a component using a mini-
mum number of  constraints makes that component externally 
isostatic and all the external connection forces are determined 
by equilibrium alone. 

In other words, MinCD allows transforming coupled and 
decoupled designs into uncoupled designs, which are the 
preferable design solutions according to the 1st axiom of  
Axiomatic Design. This means that Minimum Constraint De-
sign it is a good practice. 
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ABSTRACT 

The business process analysis is the first step for the 
improvement of  the overall performances of  every 
organization. In this paper will be presented the case study of  
the University of  Firenze. Our group has developed a model 
for the evaluation of  the coupling for the administrative 
processes to identify the most critical activities and to evaluate 
alternative solutions to reduce the coupling and increase the 
efficiency. This model has been used as basis for the ABC 
evaluation of  the process. This model has been applied to 
some administrative processes of  the University of  Firenze in 
order to prove how the administrative process coupling, in a 
AD sense, brings to a high level of  inefficiency of  the 
processes with the results of  long processing time and high 
cost for the organization. 

Keywords: Business Process Analysis, Business Process 
Reengineering, Activity Based Costing, Axiomatic Design. 

 

1 INTRODUCTION 

The primary goal of  Axiomatic Design (AD) is to 
establish a systematic foundation for the design process by 
means of  two fundamental axioms and a set of  
implementation methods [11]. The axioms are: 

• Axiom 1: The Independence Axiom: maintain the 
independence of  functional requirements (FRs). 

• Axiom 2: The Information Axiom: minimise the 
information content in design. 

Guided by the design axioms, 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 easier to be 
implemented due to a clear definition of  the FRs and the 
related performance measure of  the product or system (i.e. 
performance of  a packaging system).  

The authors propose as a new field of  research for the 
AD theory the transactional process analysis and the related 
evaluation of  efficiency and strategy. The approach that has 
been developed has the aim to create an AD framework for 
the analysis of  these processes and create a series of  
guidelines for the process improvements [5]. This approach 
has contributed also to the development of  tools for the 

application of  Activity Based Cost (ABC), usually performed 
for transactional processes.  

The ABC, proposed by R. Cooper and R. S. Kaplan in 
1987 [2, 9], has the aim to give the input to the organization to 
auto evaluate its performances in order to measure the cost of  
the activities and establish if  all of  them are value adding or 
there is some activity that is not useful. Cooper and Kaplan 
described ABC as an approach to solve the problems of  
traditional cost management systems. These traditional costing 
systems are often unable to determine accurately the actual 
costs of  production and of  the costs of  related services. 
Consequently managers were making decisions based on 
inaccurate data especially where there are multiple 
products/services [1]. The ABC could be carried out using 
five steps [8]: 

 
1. Analysis of  the activities: focused on the activities that an 

organization performs in order to produce a service or a 
product; the activities performed has to be considered, not 
the product or service itself. 

2. Economic data collection: the organization has to collect 
cost data related to its existence and production of  
services and products, such as organizational and research 
investments, office furniture, continuous education, 
salaries.  

3. Linking the cost to the activities: in this step the measured 
costs have to be related to the specific activities that the 
organization carries out, this represents how much the 
organization “pay” in order to produce a product or a 
service, the general aim is not to evaluate exactly the cost 
but the cost sources for each product/service. 

4. Output calculation: in this step the output of  the 
organization is measured in order to quantify the 
product/service produced, this information is used for the 
exact calculation of  the total cost of  each output. This is 
obtained as the ratio among the input cost and the output. 

5. Analysis of  the costs: the analysis of  the cost roadmap has 
two main objectives: to evaluate the most cost-consuming 
activities in the organization, that will eventually be 
reengineered in order to improve their efficiency, and if  
there are activities with relevant cost that are secondary or 
with very low added value that so could be reduced or 
eliminated without a sensible quality loss of  the 
product/service. 
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The general idea of  ABC is that a product/service needs 

some activities to be carried out in order to exist and that each 
activity uses a certain amount of  resources. This approach 
allow both the quantification of  the needed activities for the 
whole organization (so helping the reorganization process) 
and the cost (in term of  resources) needed by the 
organization. 

The general idea of  this paper is to link the results of  the 
ABC to the process analysis of  the AD in order to find how 
the organization setup could be improved thanks to the 
decoupling of  the structure [4]. To apply this concept a new 
definition of  the AD domains is however necessary. 

The processes of  the University of  Florence have been 
divided in three main areas: didactic, research and 
administrative. These processes are related to the activity of  
the whole University that includes Departments, Faculties and 
Central Administrative Offices (CAO). In particular will be 
presented the process to make a payment for a research 
activity. The actual interrelation of  all the processes is 
presented schematically in figure 1, where the area of  the 
form is the entity of  the processes and the overlap represents 
the degree of  interrelation.  

 

 
Figure 1. Schematic representation of the processes.

 

2 PROPOSED APPROACH 

The proposed approach is based on the redefinition of  the 
classical AD domains, a different definition of  information 
needed for each domain is provided, and the creation of  a 
new one, useful for the process optimization. 

The 4 classical domain of  the AD are so definite: 

• Customer Domain: in this domain are collected all the 
needs of  the society (student, government, …) and of  the 
staff  (teachers, researchers, technicians, …) respect to the 
University; these needs are expressed with the “Voice of  
the Customers” and are often to be reported in a practical
language for the definition of  the service that the 
University must provide.  

• Functional Domain: in this domain are reported all the 
services that the University must provide to the users and 
staff, derived directly from the CNs.  

• Physical Domain: the physical domain will contain all the 
activities needed for the production of  the service defined 

in the FRs, the interrelation of  the activities with multiple 
FRs will provide a measure of  the coupling of  the process 
that will be discussed further later. 

• Process Domain: in the process domain will be reported 
the responsibility for each activity, the coupling of  this 
matrix with the previous is useful to evaluate the efficiency 
of  the organizational model adopted by the University. 

While the new one is: 

• Resource Domain: resources needed for the existence of  
the activity, the coupling of  the matrix that link the 
Resource Domain to the Physical Domain is not relevant, 
the usefulness of  this domain is the simplification and 
rationalization in the evaluation of  the resources needed 
by the whole organization (Resource Needs or RNs).  
A scheme of  the 5 domains is presented in figure 2.  
 

 
 

Figure 2. Five Domains of  the approach 

The steps of  the proposed approach are the following: 
1. Analysis of  the Customer Needs and definition of  the 

Customer Domain; this analysis could be carried out also 
using interview, benchmarking with similar organization 
and so on. 

2. Definition of  the services that the organization must 
provide in order to satisfy the customers, these are to be 
reported as FRs in the Functional Domain. The analysis 
of  the design matrix between Customer and Functional 
Domains is crucial to evaluate if  all the CNs are really 
satisfied and eventually if  the not satisfied CNs are crucial 
or trivial. Moreover a check could be carried out to find if  
some service is provide in spite of  no request from the 
customers. This analysis is to be carried out periodically 
because the needs of  the customer of  an organization are 
always changing and the services provided are to be 
updated periodically in order not to waste resources for 
unwanted or little requested services. In this case the 
terms of  the matrix could be the number of  service 
required by the customers. This information will be used 
later as Output for the ABC cost evaluation of  the service. 
An example of  this analysis is reported in figure 3. 
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Figure 3. Example of  the first matrix (CNs-FRs) 

 
3. Analysis of  the activities and definition of  the DPs. In this 

step the process must be studied in detail in order to 
evaluate the activities needed to produce a specific service. 
This analysis needs to consider the process “as is” in order 
to find out if  some not value added activities are carried 
out. The research of not added value activity is one of the
most relevant action to improve the efficiency of  the 
organization, especially in the public sector where the 
“inertia” to change is very high and the organizational 
structure is static. The matrix that link FRs and DPS in 
this case will report the information of  how much the 
activity is working for the satisfying of  each specific task. 
This information will be reported in percentage, so the 
sum of the values on each column must be 1. This data
will be used later for the estimation of  the cost of  each 
service based on ABC. This step include the second step 
of  the ABC. An example of  application is reported in 
figure 4. 

 
 

Figure 4. Example of  the matrix FRs-DPs 

 
4. In this step is necessary the mapping among the DPs and 

the PVs, so the task is to find the relation among the 
activities and its chief. This analysis is very useful during 
the reengineering of  the process for the allocation of  the 
responsibility and the realization of  a responsibility matrix. 
The rearranging of  this matrix is fundamental for the 
evaluation of  the optimal responsibility allocation and the 
definition of  the offices layout. Moreover the 

responsibility matrix has been used to seek a balance for 
the responsibility of  all the middle manager. 

5. This step consists of  the definition of  the resources 
consumed by the various activities that have to be included 
in the Resource Domain. This new domain has been 
proposed in order to find the cost of  each activity and of  
the related service provided by the organization. The 
matrix used for the mapping among the DPs (activities) 
and the resources (RNs – Resources Needed) is usually a 
rectangular matrix because the number of  activities is 
usually larger than the different types of  resources that . 
an organization could use during its processing (i.e. – 
electrical power, human resources, etc.). The form of  the 
matrix (later called Resource Matrix - RM) is not an issue 
because the decoupling of  such architecture could not 
bring to any advantages. The RM could however be used 
to store the resources consumption of  all the activities in a 
synthetic form. An example of  the application of  the RM 
is presented in figure 5. 

 
 

Figure 5. Example of  Resource Matrix 

 
6. The following step consists of  the analysis of  the resource 

consumption of  each service provided by the 
organization. In order to find the exact resource 
consumption is possible to compute this value using the 
design matrix. In the first matrix (CNs-FRs) is collected 
the output of  the process in terms of  number of  services 
provided, in the second (FRs-DPs) the relation among 
services and activities while in the third (DPs-RNs) the 
consumption of  resources for each activity. This value 
could be so computed with the following formula, where 
RC is a vector with the cost of  each resource unit: 

 

 [1] 

 
7. The last step is the improvement of  the process that could 

be carried out considering three guidelines: evaluate if  
there are unnecessary service offered by the organization 
thanks to the analysis of  the first design matrix [3]; 
evaluate if  there are no added value activity that could be 
easily removed from the process thanks to the study of  
the process value stream; improve the efficiency of  the 
most critical and resource consuming activities that are 
highlighted by the analysis of  the Resource Matrix [6, 7].  
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3 CASE STUDY 

The proposed approach has been applied to a relevant 
number of  administrative processes of  the University of  
Firenze with very encouraging results. The general result has 
been the decoupling of  all the function inside the University 
with the adoption of  a different interaction model. As 
schematically presented in figure 6 the new organization of  
the administrative processes has separated the role of  didactic 
and research staff  from the administrative ones: the processes 
are simply started by the first and carried out autonomously 
by the administrative. The starting condition presented a far 
larger mixture of  responsibility and tasks. 

 

 
Figure 6. New scheme of  the processes  

 
As case study the analysis of  the payment for research 

expenses is presented. 
The first step is the study of  the Customer Needs that are 

mainly produced by the research staff  and the Central 
Administrative Office. The first matrix show us that the
services provided by the administrative offices are fit to the 
request. The matrix has been compiled for the whole 
administrative office. A part of  the matrix is presented in 
figure 7. In the case of  the specific process the FRs are: 

 
FR1: Provide payment to the supplier 

FR11: Check the research staff  request 
FR12: Provide an economic order to the research staff
FR13: Check the invoice 
FR14: Check the supplier status in accordance to 
government laws 
FR15: Transfer the request to the bank 
FR16: Check the bank payment 

FR2: Assign the payment to the funds of  the research staff 
FR21: Check the fund availability  
FR22: Update the fund availability
FR23: Communicate the fund availability  
 
In the representation of  the whole administrative activities 

have been used 42 first level FRs and 83 first level DPs 
(activities), only part of  the DPs involved in the process is 
presented in figure 7. 

 
Figure 7. Second matrix for the activities evaluation 

 
The second step has been the creation of  a process map 

“as is” in order to create a matrix among FRs and DPs. The 
map is also used for the evaluation of  no added value phases 
in the process. It is usual to find such activities in 
administrative processes that have not been recently 
reengineered because the process has not been adapted to the 
new approach that could be adopted thanks to ICT. The 
preliminary analysis of  the no added value activities for only 
this process is presented in figure 8, signed with a cross. 

 

 
Figure 8. No added value activities 

Moreover the administrative process proven to be highly 
interrelated with the research processes, with the FRs-DPs 
matrix highly coupled. The analysis of  the coupling has 
allowed the redefinition of  the involvement of  the research 
staff  in the process. The effort has been to remove as much as 
possible the need for contact, authorization or signature of  
the research staff  for this process. With the reengineering the 
process is only started by the research staff  and then is carried 
out nearly autonomously by the administrative staff. This has 
been obtained improving the use of  ICT and web services 
and promoting the process simplification. In order to simplify 
the process has been fundamental the responsibility matrix; 
this has been obtained mapping the DPs-PVs. In this case the 
matrix was highly interrelated and presented a very high 
fragmentation of  the responsibility of  the process. The 
defragmentation and the unification of  some activities and 
responsibility has been the driver of  simplification.  

The resource matrix have been create thanks to the 
information of  the University Human Resource Office. For 
this process only two resources have been considered: human 
resources and shipment cost, the other resource consumption 
have been considered not relevant for this specific process. 
The Resource Matrix has been used to link the resource 
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consumed by activities. The HR Office provided the 
personnel cost for each office, for the office that carry out 
more than one activity the HR dedicated to each activities has 
been evaluated thanks to interview and questionnaires that 
our group have extensively applied to the administrative 
structure of  the University of  Firenze. 

The resource matrix has been useful in order to quantify 
the cost of  the service provided. The costs have been 
quantified before and after the optimization approach and are 
reported in table 1. 

 
Table 1. Cost of  the services 

FRs Cost before (!) Cost after (!) Delta 
FR1 50.2 22.4 - 55.4% 
FR2 5.7 2.1 - 63.2% 

 

4 CONCLUSION 

The processes of  the University of  Firenze have been 
divided in three main areas: didactic, research and
administrative. These processes are related to the activity of  
the whole University that includes Departments, Faculties and 
Central Administrative Offices. The AD representation 
allowed to identify the coupling among these three classes and 
to reengineer the processes phases in order to decouple them. 
The result of  this optimization has been the reduction of  the 
cost of  most of  the processes -i.e. the cost of  a payment to a 
supplier has been reduced of about 55%-, the improvement
of  the quality and efficiency of  the services provided by the 
University and consequently the improvement of  the 
capability to attract external resources by the research teams. 

The advantages of  the use of  AD instead of  a more 
traditional approaches are:  

• the easy and fast identification of  the coupling of  the 
processes;  

• the evaluation of  the best alternative to improve the 
processes;  

• the easy implementation of  an ABC approach to evaluate 
the process cost thanks to the rock solid base provided by 
the AD representation; 

• the simplified definition of  a matrix of  responsibility for 
each process, so allowing a smoother flow of  information 
and a clearer definition of  the role of  each office 
(Department, Faculty, Central Administrative Offices).  
 
Moreover this work has proven that the improvement of  

administrative process must rely on two different pillars: the 
innovation in terms of  technologies and the ABC and BPR 
(Business Process Reengineering), this assumption is reported 
in figure 9. 

 

 
 

Figure 9. Pillars of  the administrative process 
improvement 
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ABSTRACT 

Today the design and analysis of  traffic intersections is 
most commonly done using traditional traffic conflict 
techniques. In this paper, we compare and combine traditional 
traffic conflict techniques and axiomatic design theory.  Both 
the conflict techniques and axiomatic design theory are 
applied to a generic 4-way intersection. Strategies to improve 
the intersection including separation of  space and separation 
of  time are considered. The limitations and implications of  
conflict techniques, axiomatic design theory, and the two 
strategies are addressed. Finally, the future implications of  this 
work are discussed. 

Keywords: Intersection, Conflict, Traffic, Axiomatic Design 

 

1 INTRODUCTION 

The design of  intersections can greatly affect the safety 
and efficiency of  traffic flow. Most intersections today are 
designed and analyzed using traditional traffic conflict 
techniques. However, there are some limitations association 
with conflict analysis. This work examines the suitability of  
axiomatic design theory for traffic intersections. Axiomatic 
design theory is compared to traditional conflict techniques 
and combined with them to examine a generic 4-way 
intersection, explore strategies to improve this type of  
intersections, and determine the benefits and limitations of  
this approach.   

 

2 PRIOR ART 

Our literature search did not uncover any previous 
examples of  traffic intersections which were designed or 
analyzed using axiomatic design theory.  However, there are 
examples from the literature share some similarities with AD. 
Czarczyski et al. [1997] presented a multi-level approach to the 
design of  traffic control systems using hierarchical functional 
requirements with four levels of  detail. White [1999] 
presented an objective’s tree that was used to help redesign an 
intersection in Charlottesville along the US29 corridor. The 
objectives tree also resembles a decomposed set of  functional 
requirements for the design task.  Reijmers [2006] discusses 
“protection matrices” for traffic intersections. These matrices 

note the primary and secondary conflict directions between 
the various traffic streams in an intersection and share some 
similarities with the hybrid design matrices discussed in this 
work.  
 

3 BACKGROUND 

3.1 TYPES OF CONFLICTS 

There are three basic types of  vehicle-to-vehicle traffic 
conflicts in traditional traffic conflict analysis: merging 
conflicts, diverging conflicts, and crossing conflicts (figure 1). 
For this work, we will include a fourth type of  conflict: 
sequential conflicts. Vehicle-to-environment and vehicle-
pedestrian conflicts will be neglected. 

 

3.1.1 SEQUENTIAL CONFLICTS 

 Sequential conflicts occur between two vehicles travelling 
in sequences (one following the other). An accident will only 
occur when the following vehicle is travelling faster than the 
leading vehicle.  

 

   
 

Figure 1. The four types of  vehicular conflicts (diverging, 
merging, crossing and sequential conflicts) 

 
If  the leading vehicle is stationary, this is referred to as a 
queuing conflict [USDOT]. 
 

3.1.2 DIVERGING CONFLICTS 

Diverging conflicts are created when the flow of  traffic 
travelling in a single direction separates into different 
directions. These are generally considered to be the least 
problematic of  the four conflict types. Diverging roadways 
create a reverse bottleneck, with traffic moving from a more 
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congested and constrained space to a more open space. This, 
in itself, is not a problem. However, vehicles tend to slow 
when changing directions or making navigation decisions. 
Thus, the faster moving following traffic can be negatively 
impacted by the slower moving leading traffic. In this sense, 
diverging conflicts are similar to sequential conflicts.  

 

3.1.3 MERGING CONFLICTS  

Merging conflicts occur when vehicles from different 
lanes or directions merge into a single lane moving in a single 
direction. This situation creates a bottleneck and forces the 
traffic to move from a larger space and less congested state 
into a narrower space and a more congested state.  
 

3.1.4 CROSSING CONFLICTS 

Crossing conflicts occur when vehicles from different 
directions attempt to cross paths at a single location. Crossing 
conflicts are considered to be the most dangerous type of
conflict and are a major concern during traffic intersection 
design.  

 

3.2 COMPARISON OF CONFLICTS 

Each type of  conflict has different characteristics and 
different prevention methods. [SUDAS] The US Department
of  Transportation recommends considering four factors when 
considering traffic conflicts: (1) the existence of  conflicts, (2) 
the exposure of  the conflict, (3) the severity of  the conflict, 
and (4) the vulnerability of  the vehicles to the conflict. The 
exposure is “measured by the product of  the two conflicting 
stream volumes at a given conflict point.” [USDOT] 
Exposure represents the traffic volume at the conflict point. 
As the opportunity for collisions to occur increases, the
probability of  a collision also increases.  

The severity is “based on the relative velocities of  the 
conflicting streams (speed and angle).” [USDOT] The severity 
of  the conflict can be easily visualized using the velocity 
vectors of  the two vehicles (figure 2). The magnitude of  the 
resulting velocity vector  indicates the severity of  a 
potential impact. 

 

 
 

Figure 2.  Examples of  the relative velocity between two 
vehicles in conflict 

 
The vulnerability is “based on the ability for a member 

of  each conflicting stream to survive a crash” [USDOT] and 

is a function of  where the impact occurs on each vehicle body. 
For example, impacts on the rear or rear corners of  the 
vehicle are substantially less dangerous than side or front 
impacts. The direction of  the resulting velocity between two 
vehicles vector indicates where the impact will likely occur on 
the vehicles. 
 

3.3 STRATEGIES FOR INTERSECTION DESIGN 

Based on the discussions above, it is clear that there are 
some common strategies for mitigating conflict and 
minimizing the probability of  collision. The probability and 
severity of  all conflicts can be reduced by decreasing the 
relative velocity of  the two vehicles. The probability and 
severity of  merging and diverging conflicts can also be 
reduced by decreasing the relative angle between the vehicles 
(figure 3). Sequential and diverging conflicts can be reduced 
by increasing the number of  lanes in an intersection. However, 
there is no easy way to moderate crossing conflicts. Thus, 
most re-design efforts focus on eliminating crossing conflicts 
from the intersection.   
 

. 
Figure 3. Examples of  angle reduction for merging and 

diverging conflicts 

 

4 APPLYING AXIOMATIC DESIGN AND 

CONFLICT TECHNIQUES TO A TYPICAL 

FOUR-WAY INTERSECTION 

Applying traditional traffic conflict techniques to a generic 
unregulated two-lane four-way intersection results in a total of  
32 conflicts (figure 4) including 16 crossings, 8 diverging 
conflicts and 8 merging conflicts.  

 

 
 

Figure 4.  Conflict points of  a typical two-lane four-way 
intersection or driveway [SUDAS] 
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If  we consider the same intersection from the viewpoint 
of  axiomatic design theory, we can see that a generic four-way 
intersection performs 12 basic functions (FRs): it permits 
vehicles from each of  the four directions to travel in one of  
the three remaining directions (figure 5). For convenience, we 
will assume that our generic intersection aligns with the four 
cardinal directions (north, south, east, and west). Although 
intersections may perform a variety of  other functions, only 
the 12 FRs associated with navigation through an intersection 
will be considered for this work. 

 

FR1 N!S FR7   E!S 

FR2 N!W FR8   E!N 

FR3 N!E FR9   E!W 

FR4 W!E FR10 S!W 

FR5 W!S FR11 S!E 

FR6 W!N FR12 S!N 

 
Figure 5. The 12 functional requirements 

 
The design parameters associated with these 12 FRs are 

the sections of  the roadway that will allow the vehicles to 
traverse the intersection from their origin to their destination. 
The definition of  FRs and DPs allows us to create the design 
matrix for the intersection (figure 6).   

 

 

Figure 6. Design matrix for generic 4-way intersection 

 

4.1 HYBRID DESIGN MATRIX 

Clearly the generic 4-way intersection is a fully coupled 
design. However, the type of  coupling or conflict is not clear. 
The traditional design matrix from axiomatic design theory 
can be combined with traditional traffic conflict techniques to 
create a hybrid design matrix that specifies the type of  traffic 
conflict between each FR/DP pair (figure 7). This helps the 
designer to identify appropriate strategies for eliminating or 
reducing the coupling and conflict in the system and produce 
a better design. 

In traditional axiomatic design matrices, strong coupling 
is sometimes indicated by a large X and weak coupling is 
represented by a small x. In our hybrid matrix, there are four 
symbols which indicate coupling between the FRs and DPs: a 
large x (X) represents strong coupling and a crossing conflict, 

a square (") represents moderate coupling and a merging 

conflict, a triangle (#) represents weak coupling and a 

diverging conflict, and a zero (O) indicates no coupling or 
conflict at all.   

 

 
 

Figure 7. Hybrid design matrix with conflict 
specification for generic 4-way intersection 

 

4.2 SYMMETRY IN THE HYBRID DESIGN MATRIX 

The generic four-way intersection exhibits C4 cyclic 
symmetry with each cell having rotational symmetry at 90 
degree (360/4) angles. Either the cardinal directions (N-S and 
E-W) or the intermediate directions (NE-SW and NW-SE) 
can be used to draw the lines of  symmetry (figure 8).  

In comparison, the design matrix exhibits D2 dihedral 
symmetry with reflection across both diagonals and rotational 
symmetry at 180 degree (360/2) angles.  
 

  
 
Figure 8. Lines of  Symmetry for a Generic Intersection 
(left) and Corresponding Hybrid Design Matrix (right) 

 

5 SEPARATION IN SPACE 

There are two basic strategies for attempting to decouple 
the design of  a generic intersection design: separation in space 
and separation in time (periodicity). Within separation in 
space, there are two basic sub-strategies: two-dimensional 
(2D) separation, and three-dimensional (3D) separation.  

 

5.1 2D SEPARATION 

Two dimensional separation involves a lateral separation 
of  co-planar FRs or DPs. For example, a dangerous crossing 
intersection can be transformed into a less dangerous 
intersection with a merging conflict, a straight away, and a 
diverging conflict (figure 9).  
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Figure 9. The transformation of  a crossing conflict using 
2D separation 

 
Rotaries, roundabouts, or traffic circles are examples of  

traffic intersections which have made use of  2D separation 
(figure 10). A rotary fulfils the same 12 functional 
requirements as the generic four-way intersection in figure 4. 
However, it only has a total of  8 conflicts (4 merging and 4 
diverging conflicts) in comparison to the 32 conflicts in the 
generic intersection.  

 

 
 

Figure 10. Conflict points of  a typical rotary 
 

Fig. 11 shows the hybrid design matrix for a typical rotary. 
Here, a triangle within a square ( ) indicates a merging-
diverging conflict and the double triangle within a square ( ) 
symbolizes the combination of  two pairs of  merging-
diverging conflicts.  

 

 
 

Figure 11. Hybrid design matrix for a typical rotary 

 
This design matrix is a substantial improvement over the 

4-way intersection matrix shown in figure 7. All of  the Xs 
have turned into s, which reduces the coupling in the matrix 
and the severity of  the conflict. However, some of  the FRs 
which were originally independent now show some degree of  
coupling (i.e. many of  the Os have turned into either  or 

.) This is still a fully coupled matrix. 
 

5.2 3D SEPARATION 

3D separation involves both vertical and lateral 
separation of  the roadway and can include both tunnels and 
overpasses. One of  the most common examples is a clover-
leaf  shaped highway interchange (figure 12). 

By separating the intersection in three dimensions, all of  
the crossing conflicts are transformed into merging and 
diverging conflicts.  All of  the Xs in the matrix from figure 7 

have turned to Os and s. This design has twice the conflicts 
of  the 2D case: 8 merging and 8 diverging conflicts. However, 
no additional coupling has been added to the design matrix, 
making it the least coupled of  the three non-periodic 
intersections discussed (figure 13). In addition, the 3D 
intersection has greater capacity and less severe angles which 
will permit vehicles to travel through the intersection at higher 
speeds.  
 

 
 

Figure 12. Conflict points of  a typical clover-leaf  
interchange 

 

 
Figure 13. Hybrid design matrix for a typical interchange 

 

5.3 LIMITATIONS 

By separating the intersection in space we gained several 
advantages including increased temporal efficiency and a 
reduction of  complexity. However, this is done at the cost of  
physical and financial resources in the form of  additional 
space required for the intersection and additional construction 
and maintenance costs. Thus, the viability of  2D or 3D 
separation as a design option is determined by the constraints 
of  the system. If  there is insufficient space or money to create 
such an intersection, or if  there is an insurmountable conflict 
in the system then these strategies cannot be used. 
 

6 SEPARATION IN TIME 

Unregulated traffic intersections are clearly examples of  
time dependent combinatorial complexity as defined by Nam 
P. Suh in his book on Complexity Theory. To mitigate some 
of  the complexity of  these types of  systems and to increase 
their overall robustness and probability of  success, Suh [2005] 
suggests transforming combinatorial systems into periodic 
systems. 

Following this line of  logic, the generic intersection from 
figure 4 was transformed from a combinatorial intersection to 
a periodic intersection using a traffic signal to separate the 
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various stages of  operation. Two different options for 
implementing periodic intersections are presented below. Each 
option has four time steps (T1, T2, T3 and T4) which repeat 
periodically. The design matrices for each of  the four steps are 
shown for each option. 

 

6.1 PERIODIC PULL INTERSECTION 

The first option for periodic transformation is an 
example of  a “pull” intersection. In each step, vehicles from 3 
different directions merge into the last direction, thus the 
fourth direction pulls traffic from the other three (figure 14).  
 

 

 
Figure 14. Sub-steps of  a two-lane periodic pull 

intersection 

 
This scenario can be represented by four 3x3 matrices. 

In each sub-step, the design matrix is fully coupled but each 
off-diagonal term represents only moderate coupling due to 
merging conflicts. All of  the strong coupling has been 
removed from the design matrix. 

From a traffic conflict perspective, the situation is also 
improved. The intersection now has 2 merging conflicts per 
sub-step, for a total of  8 merging conflicts per period.  

 

6.2 PERIODIC PUSH INTERSECTION 

The second option for periodic transformation is an 
example of  a “push” intersection. In each step, vehicles are 
pushed from one direction to the other three directions 
(figure 15).  
 

 

 
Figure 15. Sub-steps of  a two-lane periodic push 

intersection 

 
This scenario can also be represented by four 3x3 

matrices. In each sub-step, the design matrix is also fully 
coupled but each coupling term represents only weak 
coupling within the matrix or a diverging conflict. From an 

axiomatic design perspective, option 2 is more ideal than 
option 1 because the strength of  the coupling has been 
reduced.  

From a traffic conflict perspective, the situation is also 
improved. The intersection now has 2 diverging conflicts per 
sub-step for a total of  8 diverging conflicts period, compared 
to 8 merging conflicts from option 1.   
 

6.3 LIMITATIONS 

 In the above examples, the introduction of  periodicity 
reduced coupling and conflict in the intersection by separating 
the various functions in time. However, it also only permitted 
cars in one of  the four sub-steps to travel at any given time. 
The rest of  the cars had to wait for the next appropriate sub-
step. In light traffic, a single vehicle might only have to wait 
one period for the next appropriate sub-step. But in heavy 
traffic, a vehicle might have to wait for multiple periods until it 
is their turn to travel, until there are no queuing conflicts to 
prevent movement, and until there is space in the appropriate 
lane to receive them. Thus, there is a contradiction between 
avoiding conflicts and decreasing travel time.  

The elimination of  conflict is one of  the cornerstones of  
TRIZ.  Altshuller observed that “when improving a system by 
conventional means, one system’s attribute [A] is usually 
improved at the expense of  deteriorating another attribute 
[B].” Conventional design urges “the designer to seek the least 
expensive compromise” whereas TRIZ requires the designer 
to solve the contradiction. [Fey and Rivin, 2005] Similarly, 
axiomatic design theory helps to identify the coupling 
between the factors that cause contradiction and requires the 
user to develop new uncoupled solutions instead of  seeking a 
compromise. [Deo, et al., 2004] 

In our previous examples, we decreased the number of  
possible traffic conflicts (A), while increasing the time that 
each vehicle takes to pass through the intersection (B). 
Sensors, traffic predictions, clever traffic light timing, and 
other options can be used as compromises to reduce the 
conflict, but they cannot eliminate the conflict entirely.  

In addition, two-lane periodic push and pull intersections 
are both at risk of  sequential or queuing conflicts that result 
from a single traffic stream having multiple destinations. This 
could further reduce the temporal efficiency of  the 
intersection. 
 

7 SEPARATION IN SPACE AND TIME 

Thus far, we have presented decoupling options for 
generic intersections with only one lane for travel in each of  
the four directions. However, many major intersections use a 
combination of  separation in time (via traffic signals) and 
separation in space (via separate lanes).  

 

7.1 MULTI-LANE PERIODIC PULL INTERSECTION 

Consider a six-lane version of  the periodic pull 
intersection from section 6.1. The vehicles from each of  the 
three donating directions now have a dedicated lane to receive 
them (figure 16). The merging conflicts in the receiving lane 
are eliminated as is the coupling in the design matrix. This 
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intersection now has no traffic conflicts and is represented by 
an uncoupled design matrix. 

 
 
 
 

 

 
 

Figure 16. Sub-steps of  a six-lane periodic pull 
intersection 

 

7.2 MULTI-LANE PERIODIC PUSH INTERSECTION 

A six-lane version of  the periodic push intersection from 
6.2 will have similar benefits. The vehicles from the donating 
direction will each have a dedicated lane based on their 
direction of  travel (figure 17). The diverging conflicts in the 
donating lane are eliminated as is the coupling in the design. 
Again, the intersection now has no traffic conflicts and is 
represented by an ideal uncoupled design matrix. 

 
 

 
 

 
Figure 17. Sub-steps of  a six-lane periodic push 

intersection 

 

7.3 MULTI-LANE PERIODIC ALTERNATING 

INTERSECTION 

The combination of  the two strategies presents a third 
option for periodic transformation which most closely 
resembles current intersections. In each step, vehicles travel 
from and to opposite directions (figure 18). This option 
requires a minimum of  two lanes for the donating traffic: one 
of  the straight/right turns and one for the left turns. If  the 
donating traffic were not separated into individual lanes, 
sequential or queuing conflicts would prevent traffic flow.  

This third scenario is represented by two 2x2 matrices 
and two 4x4 matrices. In the six-lane version, each of  the four 
matrices is uncoupled and no conflicts are present. If  right 
turns are permitted during T1 and T3 in a four-lane 
intersection, four diverging conflicts will be added and a small 
degree of  coupling will be added to the design matrix. 
Alternate versions of  this periodic option are also possible. 

 
 

 

 
Figure 18. Sub-steps of  a multi-lane periodic alternating 

intersection 

 

7.4 LIMITATIONS 

The separation of  intersections in both time and space 
proved to be the most successful strategy according to both 
the traffic conflict theory and axiomatic design theory. 
However, the conflict between speed (travel time) and safety 
(conflicts) remains unresolved. In addition, six-lane 
intersections require more physical space than their two-lane 
counterparts and may not be an option in some areas. 
 

8 CONCLUSIONS 

 In this work, axiomatic design theory has been combined 
with traditional traffic conflict theory to examine strategies for 
the design of  intersections. A generic 4-way intersection was 
considered. The number and types of  conflicts for the 
intersection were identified and a hybrid design matrix was 
constructed to highlight the various types of  coupling in the 
system. The intersection was then considered using separation 
in time and separation in space. Both techniques successfully 
reduced the number and severity of  conflicts in the system 
and eliminated strong coupling in the design matrix. However, 
the periodic intersections led to a conflict between safety and 
speed, which could result in longer travel times for vehicles. 
The 2D and 3D intersections required more space and money 
to construct and were more strongly affected by the 
constraints of  the system. The intersections which employed 
both periodicity and separation in space were uncoupled and 
had no conflicts, but did not successfully resolve the conflict 
between time and safety. 

It has been demonstrated that axiomatic design theory 
provides valuable insight into the design and operation of  
intersections that is not available by conflict theory alone. It 
has great potential for both the design and analysis of  
intersections in the future. 
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It is concluded that separation in time, separation in 
space and the combination of  the two are viable options for 
reducing conflict and coupling in intersections. The choice of  
which method to use is dictated by the constraints in the 
system (available space and financial resources) and by the 
selection criteria of  the design (including minimizing the 
travel time of  all vehicles in the system.)  

 

9 FUTURE WORK 

Three additional issues must be considered during the 
design and analysis of  intersections: sequential or queuing 
conflicts, the effect of  adjacent intersections, and the 
temporal efficiency of  the intersection. In this work, all three 
topics have been touched upon, but none have been 
addressed in detail. These topics will be the subject of  future 
work. 
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ABSTRACT

This work presents two case studies which use a 
combination of  Axiomatic Design (AD) Theory, traditional 
traffic conflict analysis, and TRIZ to re-design urban 
intersections for improved efficiency. The first case study 
involves several options for the re-design of  a generic 4-way 
intersection from the literature. The second case study 
involves the conceptual redesign of  an existing intersection 
located in Daejeon, South Korea. The impact of  various 
design strategies on the functional requirements, the traffic 
conflicts in the intersection, and the coupling in the design 
matrix are examined. Both holistic and modular approaches to 
modelling intersections are demonstrated and compared. 
Finally, symmetry, redundancy, and the effects of  neighboring 
intersections are discussed.  

 

Keywords: Intersection, Conflict, Traffic, Axiomatic design 

 

1 INTRODUCTION 

Traffic intersections play an important role in city 
planning and human society, and have been the focus of  
numerous research projects. Such studies commonly contain 
information about how to improve the efficiency of  traffic 
systems and maintain control [Gazis 2002, and Levinson and 
Chen]. However, it is uncommon for these projects to use 
formal design theories or methodologies.  

This work focuses on understanding and improving the 
design of  urban intersections to reduce traffic congestion and 
increase the efficiency of  transportation networks. Traditional 
traffic conflict techniques are used in combination with two 
formal design theories, Axiomatic Design (AD) Theory and 
TRIZ, to examine two case studies. The first case study 
involves examples of  a redesigned intersection from the 
literature. The second case study examines a real intersection 

located in Daejeon, South Korea, which is a common location 
of  traffic jams during rush hour.  
 

2 PRIOR ART 

To our knowledge, there are no examples of  intersection 
design and implementation using Axiomatic Design theory in 
the literature. However, there are at least two examples of  
intersection design which involve hierarchical requirements 
that are similar to AD’s functional requirements [Czarczyski 
1997 and White 1999] and at least one example of  a “conflict 
matrix” which resembles AD’s design matrix [Reijmers 2006].  

Previous examples of  applying AD to traffic-related 
subjects include the design of  a machine control system that 
could be implemented for traffic systems [Lee et al. 2001] and 
the design of  a new system to transport cargo from large-
sized container ships to the coast using a "mobile harbor." 
The mobile harbor project was initiated by N. P. Suh and is 
currently being run by the Department of  Ocean Systems 
Engineering at KAIST. Finally, transportation in the context 
of  supply chain design has been conceptualized using AD 
[Favaro 2008]. 

 TRIZ has been used in case-studies for solving 
contradictions in traffic systems. One example involved the 
analysis of  traffic congestion based on the stress and other 
emotional states of  the drivers in four different types of  
traffic congestion [Mann 2007].  

Other frameworks have also been used in previous 
studies for traffic systems. A classifier system and fuzzy logic 
were used to design a traffic junction controller [Cao et al., 
1999], and a multilevel traffic control system was designed 
using a structural hierarchy resulting directly from tasks and 
functions of  this system for medium and large urban 
agglomerations [Czarczyski et al.,1997].  
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3 METHODS 

Two design thinking approaches have been used in this 
work: Axiomatic Design (AD) Theory and TRIZ. AD is a 
formal design methodology which is intended to help users 
approach design in a rational, conscious, and systematic 
manner. It is based on a mapping process across the four 
domains: the customer, functional, physical, and process 
domains. In AD, the designer must decide what they want to 
achieve functionally before considering how to achieve it 
physically, so functional requirements (FRs) are defined before 
the design parameters (DPs). The definition of  FRs and the 
subsequent assignment of  DPs are both dependent on the 
information axiom. The independence axiom states that the 
independence of  the functional requirements must be 
maintained to minimize coupling and avoid conflict. The 
design matrix identifies coupling between FR/FR and FR/DP 
pairs so it can be reduced or eliminated [Suh, 2001]. In this 
work, the second axiom, the information axiom, will not be 
considered.  

TRIZ, also known as the Theory of  Inventive Problem 
Solving, is an algorithmic approach to technical problem 
solving and idea generation [Fey and Rivin, 2005]. The parts 
of  the theory used here are contradiction resolution and the 
law of  ideality. Both of  the theories direct to developing 
better designs of  systems by avoiding conflicts [Yang and 
Zhang, 2000]. 

The successes of  various intersection designs through 
this work are evaluated in three ways. First, traditional traffic 
conflict techniques [USDOT] are used to determine the 
number and type of  traffic conflicts in the system. Second, 
the functional requirements and design parameters of  the 
system are considered and the changes made in the process of  
redesigning an intersection are discussed. Finally, a hybrid 
design matrix using both AD and traffic conflict theory is 
used to determine the nature of  the coupling in the system.  
 

4 CASE STUDY #1 

The first case study comes from a series of  examples in 
the Iowa Statewide Urban Design Manuals. [SUDAS] Three 
options for redesigning a generic unregulated 4-way 
intersection (figure 1) using three different types of  raised 
medians are presented. Each option is intended to reduce the 
number of  conflict points in the intersection. For convenience, 
we will assume that each intersection is aligned with the 
cardinal directions (north, south, east, and west.) 

 

4.1 ORIGINAL DESIGN 

Traditional traffic conflict techniques reveal 32 conflicts 
associated with the generic 4-way intersection. [SUDAS] This 
number includes 16 crossings, 8 diverging conflicts and 8 
merging conflicts. In part 1 of  this work, we demonstrated 
that 12 functional requirements associated with navigation can 
be identified for this intersection (figure 2) and a hybrid 
design matrix can be constructed (figure 3). 
 

 
 

Figure 1.  Conflict points of  a typical two-lane four-way  
intersection or driveway [SUDAS] 

 
 

FR1 N!S FR7 E!S 

FR2 N!W FR8 E!N 

FR3 N!E FR9 E!W 

FR4 W!E FR10 S!W 

FR5 W!S FR11 S!E 

FR6 W!N FR12 S!N 

Figure 2. The 12 functional requirements 

 

 

Figure 3. Hybrid design matrix with conflict 
specification for a generic 4-way intersection 

 

4.2 ALTERNATIVE #1 

The first alternative intersection presented in the design 
manual uses a continuous raised median to separate the east-
west and west-east traffic streams. The redesigned intersection 
permits each lane of  traffic to exit or enter from the right.  
 

 
 

Figure 4. Conflict points for the first alternative to the 
generic 4-way intersection 
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From a traditional traffic conflict perspective, the first 
alternative is a major improvement over the previous 
intersection. The total number of  conflicts has been reduced 
from 32 to 4. In addition, all crossing conflicts have been 
eliminated. 

However, from an axiomatic design perspective, the 
situation is more complicated. By adding the raised median, 
the functional requirements of  the intersection have been 
changed. Instead of  having 12 FRs for the intersection, the 
design now has 6 FRs (figure 7).  The design matrix is still 
fully coupled (figure 8), but all of  the coupling within the 
matrix is either weak or moderate coupling. All of  the strong 
coupling has been eliminated. 
 

FR1 N!W FR4 E!N 

FR2 W!E FR5 E!W 

FR3 W!S FR6 S!E 

Figure 7. Functional requirements for alternative #1 
 

 
Figure 8. Hybrid design matrix for alternative #1 
 

4.3 ALTERNATIVES #2 AND #3 

The second and third alternative designs use a raised 
median with a through-way cut to permit vehicles to travel 
across it from one direction (figure 9).  

 

   
 

Figure 9. Conflict points for Alternative #2 (right) and 
Alternative #3 (left) [modified from SUDAS] 

 
Again, the number of  conflicts for each alternative has 

been substantially reduced compared to the original 
intersection. Both intersections now have a total of  7 
conflicts: 1 crossing, 3 diverging, and 3 merging.   

And again, the modifications to the intersection have 
changed the functional requirements (figure 10). Both 
alternatives feature 7 FRs instead of  the original 12. The 
hybrid design matrices for each of  the alternatives are fully 
coupled and exhibit two instances of  strong coupling due to 
the crossing conflicts. The hybrid design matrices are shown 
in figures 11 and 12.  

 
 

FR1 N!W FR5 E!W  FR1 N!W FR5 E!N 

FR2 W!E FR6 S!W  FR2 W!E FR6 E!W 

FR3 W!S FR7 S!E  FR3 W!S FR7 S!E 

FR4 E!N   FR4 E!S  

Figure 10. Functional requirements for 2nd (left) and 3rd 
(right) alternatives 

 

 
Figure 11. Hybrid design matrix for alternative #2 

 

 
Figure 12. Hybrid design matrix for alternative #3 

 

4.4 DISCUSSION 

In the examples above, the number of  traffic conflicts in 
the system and the coupling in the hybrid design matrix were 
reduced by eliminating some of  the functional requirements 
of  the intersections.  From a TRIZ perspective, this indicates 
a contradiction between the functionality and safety of  traffic 
intersections that must be resolved to permit further 
innovation.  

 From an axiomatic design perspective, it is equally 
problematic. Functional requirements represent the 
“minimum set of  independent requirements that completely 
[characterize] the functional needs of  the product.” [Suh, 
2001] If  the functional requirements of  the intersection must 
be changed to produce an acceptable design, either the initial 
set of  FRs did not represent the minimum set of  required 
functions or the final set of  DPs does not satisfy the 
minimum set of  required FRs.  

Ultimately, the FRs that were removed from these 
designs will have to be added to another part of  the traffic 
system. They may be spread out over longer stretches of  
roads, incorporated into other intersections, or satisfied 
through other road features like u-turn lanes, but they cannot 
be eliminated entirely. Axiomatic design theory may be very 
useful for keeping track of  various requirements as they are 
shuffled between various parts of  the traffic network. 

 

4.5 PROPOSED SOLUTION 

In this case, there is a simple way to resolve the conflict. 
Two u-turns could be added through the raised median (figure 
13). This would permit all of  the original functional 
requirements to be met with a total cost of  8 traffic conflicts 
(4 merging and 4 diverging) and substantially less coupling in 
the design matrix. 
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Figure 13. Conflict points of  proposed solution 

 
Unlike the previous intersections, this design does not 

have 12 FRs. It has 16 FRs (figure 15) because the inclusion 
of  the u-turn areas permits vehicles to turn around and go 
back in the direction that they came from. Thus, this set of  
FRs represents the full minimum set of  independent FRs for 
a 4-way intersection. The hybrid design matrix for the 
proposed intersection is shown in Figure 16. 

 
 

FR1 N!N FR9   E!S 

FR2 N!S FR10 E!N 

FR3 N!W FR11 E!W 

FR4 N!E FR12 E!E 

FR5 W!W FR13 S!W 

FR6 W!E FR14 S!E 

FR7 W!S FR15 S!N 

FR8 W!N FR16 S!S 
 

Figure 15. The 16 FRs of  the proposed solution 
 
 

 
 

Figure 16. Hybrid design matrix of  proposed solution (16 
FR Version) 

 
If  removing FRs in the previous examples was 

questionable, is adding FRs not equally problematic? Again, 
the answer seems to lie in the transportation network and not 
within the intersection itself. The ability to return to one’s 
origin is almost always possible. However, it usually requires 
using four generic 4-way intersections (to turn right, right, 
right, and then left) to retrace one’s path instead of  being able 
to do so within a single intersection. Thus, from the networks’ 
perspective, we have not added any FRs. We have simply used 
physical integration to bring them all into a single intersection. 
 

5 CASE STUDY #2 

5.1 CURRENT INTERSECTION 

The second case study is a real intersection located in a 
heavily travelled part of  Daejeon, South Korea (figure 17). 
This intersection does not align with the cardinal directions 
(north, south, east and west), but we will assume that it does 
for convenience.  

This intersection connects three roads: a major 10-lane 
north-south highway, a large 6-lane east-west road, and 
another smaller 2-lane east-west road.  

This intersection is located along the raised bank of  a 
small river (the Gapcheon). The smaller east-west two-lane 
road is connected to the larger east-west six-lane road via a 
section of  road that goes under the 10-lane highway along the 
river bed. This under-bridge (UB) section can flood in heavy 
rains. 

A large supermarket and department store (Homever) is 
also located at one corner of  the intersection. One of  the two 
entrances into the store is located along the six-lane east-west 
road and frequently adds to traffic congestion. 

 The 10-lane highway is divided by a raised median. U-
turns along this road are not possible. However, the six lane 
road is divided only by a painted median. U-turns across the 
media from the east-west direction are legal and common. 

There are no traffic lights present in any part of  this 
intersection, although there are traffic signals located in 
adjacent intersections in all directions.  

 

 
Figure 17. Google Earth map of  the current 

intersection 
 
The intersection was considered from two different 

perspectives. First, a holistic approach was used to consider 
the intersection. Then, the intersection was broken down into 
various components and considered from a modular 
perspective. 

 

5.2 HOLISTIC ANALYSIS OF CURRENT 

INTERSECTION 

Traditional traffic conflict techniques reveal a total of  19 
conflicts in this intersection (figure 18) including 3 crossing 
conflicts, 8 diverging conflicts, and 8 merging conflicts. The 
majority of  the conflicts, including all of  the crossing conflicts, 
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are located at the west end of  the under-bridge section. The 
conflicts themselves rarely cause traffic accidents because 
vehicle speeds here are low, but they can cause significant 
traffic delays. 

 

 
Figure 18. Conflict points of  the current intersection 

 
From an axiomatic design perspective, the entire 

intersection performs 16 functions: it allows vehicles from any 
direction to travel to any direction, including the direction that 
they came from (figure 19). The hybrid design matrix for the 
intersection is fully coupled, and includes a number of  strong 
coupling terms associated with the crossing intersections 
(figure 20). Since this intersection is asymmetric, the design 
matrix associated with it is also asymmetric.  

 

FR1 N!N FR9   E!S 

FR2 N!S FR10 E!N 

FR3 N!W FR11 E!W 

FR4 N!E FR12 E!E 

FR5 W!W FR13 S!W 

FR6 W!E FR14 S!E 

FR7 W!S FR15 S!N 

FR8 W!N FR16 S!S 

Figure 19. Functional requirements of  the current 
intersection 

 

 
Figure 20. Hybrid design matrix for the current 

intersection 
 

5.3 ASYMMETRY IN THE DESIGN MATRIX 

The asymmetry of  this matrix is interesting from a design 
perspective. In part 1 of  this work, all of  the intersections 
considered were symmetric, thus vehicles traveling from and 
to each direction were equally affected. In this work, the 
intersections in figure 9 and the intersection in figure 18 are all 

asymmetric. Travelers from some directions are more 
negatively impacted than others. For example, in figure 18 the 
south-north and north-south travelers on the major highway 
are relatively unaffected by the problems in the intersection 
design. However, travelers who are traveling to or from the 
west via the smallest road are confronted with the majority of  
the traffic conflicts.  

The hybrid design matrix is especially effective at 
showing the extent of  the coupling for each of  the various 
routes. The number and types of  conflicts that will be 
encountered by vehicles traveling along any path can be found 
by looking at the horizontal line in the matrix associated with 
that FR. For example, FR2 shows 3 diverging and 3 merging 
conflicts for a vehicle traveling from the north to the south 
while FR16 has 4 crossing conflicts, 1 double merging-
diverging conflict, 5 merging-diverging conflicts, 3 merging 
and 3 diverging conflicts for vehicles coming from and 
returning to the south.  

A single conflict is counted multiple times in the design 
matrix based on the number of  traffic streams that are 
affected by it. For example, a N-S vehicle will only encounter 
one diverging conflict but may be affected by that conflict up 
to three times as the N-W, N-E and N-N traffic streams 
diverge there. 

Ultimately, it should be possible to assign weights to 
each type of  conflict and add the relative conflict 
contributions in each horizontal line in the matrix. This would 
help to quantitatively identify the paths that are most 
negatively affected by the current design and identify areas of  
the intersection design that are in the greatest need of  
improvement. 

 

5.4 MODULAR ANALYSIS OF CURRENT 

INTERSECTION 

Alternatively, the intersection can be viewed as being 
composed of  five different modules (figure 21). The 
functional requirements for each sub-intersection or module 
can be defined as sub-FRs of  the entire design. The conflict 
points can be identified and the hybrid design matrix can be 
constructed for each (figures 22 - 26). The various modules 
can then be recombined to create the overall hybrid design 
matrix (figure 27).   

 
Figure 21. Modular view of  current intersection 
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Figure 22. Module #1 

 
 
 

 

 
Figure 23. Module #2 

 
 

 

 
Figure 24. Module #3 

 

 

 
Figure 25. Module #4 

 
 

 

 
Figure 26. Module #5 

 
 

In many ways, the modular view of  the intersection is 
more useful than the holistic view. It is immediately obvious 
that the second module performs the most sub-functions and 
is the only location that exhibits strong coupling due to 
crossing conflicts. The easy identification of  the most 
troubled spot in the design is a great help to designers who 
can then focus their attention on that module. 

However, the modular view also raises some difficult 
questions. How do we handle the inter-modular 
dependencies? They are clearly linked by roadways and thus 
are physically coupled. The question is: are they functionally 
coupled? The answer seems to depend on the capacity of  the 
roadways connecting the modules and on the traffic volume.  

In light traffic, there are few cars on the road and each 
module may be functionally independent. All of  the additional 
terms in the design matrix will be 0’s. 

 However, in heavy traffic, vehicles may begin to 
accumulate behind a problematic intersection. When the 
number of  vehicles in the queue to enter the intersection 
exceeds the capacity of  the road between the two modules, 
the first module will begin to affect the second. The two 
modules are now coupled. During rush hour, this intersection 
is fully coupled with all off-diagonal terms turning to X’s.  

The capacity of  any road is a function of  the length of  
the road and the number of  lanes, and is generally a fixed 
quantity. (The size of  the vehicles in the queue will also affect 
the capacity, but in general the variation due to vehicle size 
will be small and can be neglected.)   

The distance between conflicts within the same module 
will also affect the coupling between them. Conflicts that are 
located close together will have a stronger negative impact on 
traffic than conflicts that are further apart.  

In a more careful axiomatic analysis, these distances can 
be included in the design architecture as design parameters. 
This will be the subject of  future work.  

It should also be possible to apply this technique to 
traffic systems instead of  single intersections. This will also be 
the subject of  future work. 
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Figure 27. Hybrid design matrix for modular version of  current intersection 

 
 

5.5 PROPOSED SOLUTION 

Based on the above discussion, it should be possible to 
redesign this intersection to reduce the number of  traffic 
conflicts and reduce the coupling in the design matrix while 
maintaining all 16 of  the original FRs. We propose a modified 
clover-leaf  type interchange with u-turns to satisfy the last 4 
FRs (figure 28).  

 

 
 

Figure 28. Conflict points for the  proposed solution  
 

Figure 28 is not to scale. The u-turns should be further 
away from the on- and off-ramps in a real intersection to 
prevent additional problems. If  necessary, the u-turns could 
be incorporated into the intersections immediately upstream 
and downstream from this one. 

This new design results in a total of  12 conflicts (6 
diverging and 6 merging.) This design does not lend itself  as 
well to the modular approach, so the holistic hybrid design 
matrix was created instead.  

The hybrid design matrix shows the same characteristics 
of  the clover-leaf  matrix in part 1 of  this work. All of  the 
crossing conflicts have been eliminated and replaced with 0’s. 
However, some of  the terms which were previously 
uncoupled now have single or double merging-diverging 

conflicts. The overall coupling of  the design matrix has been 
reduced, but the system still has a fully coupled matrix. 

 

 
Figure 25. Hybrid design matrix for the proposed 

solution 
 
The proposed design does not take into account any of  

the constraints of  the current design. It is not known if  there 
are geotechnical issues associated with the available land or 
other factors which would exclude these changes. Instead, the 
proposed solution is presented merely as an example. 

 

5.6 REDUNDANCY IN THE DESIGN 

Redundancy becomes an issue in intersection designs 
which include all 16 FRs. Consider the example in figure 28. 
There are two possible ways to travel N-S and S-N: (1) the 
vehicle can continue to travel straight on the highway, or (2) it 
could exit the highway onto the W-E travelling road, make a 
u-turn, and re-enter the highway from the E-W travelling road. 
The first option was intentionally created by the designers. 
The second option was a by-product of  different FRs and 
DPs in the design. Is the intersection redundant? Or does the 
fact that one option is clearly better than the other make this a 
non-issue? 

Consider a slightly different example. What if  N-S and S-
N u-turns had been added into the design in figure 28? This 
would have made FR1 (N-N) and FR16 (S-S) substantially 
simpler. But it would have created 12 redundant paths: N-S, S-
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N, W-E, E-W, E-S, S-W, N-E, W-N, N-N, S-S, E-E, and W-W. 
Does the improved ease of  travel in two directions justify the 
increase in redundancy in the intersection? 

It seems that there is a conflict between minimizing the 
length of  each path in the system and reducing the 
redundancy in the system. This will be considered further in 
future work.  

 

6 CONCLUSIONS 

In this paper, axiomatic design theory, traditional traffic 
conflict techniques, and TRIZ were used to examine two 
intersections: one from the literature and one that is currently 
in use. It was demonstrated that a generic 4-way intersection 
can have up to 16 FRs associated with navigation, although 
most intersections only have 12 FRs. It was shown that 
common strategies to redesign intersections frequently result 
in an unnecessary loss of  functional requirements. A complex 
intersection was viewed both holistically and from a modular 
perspective to demonstrate the differences in functional 
requirements and the hybrid design matrix. The holistic 
approach is helpful for examining the complete path of  any 
vehicle. The modular approach seems to have advantages for 
considering different components of  complex intersections 
and has great potential for exploring larger networks of  
intersections. Finally, redundancy in intersection design and 
symmetry in the design matrix were discussed. 

 

7 REFERENCES 

 [1] Cao Y. J., Ireson, N., Bull L., Miles R., “Design of a 
Traffic Junction Controller Using Classifier System and 
Fuzzy Logic”, Computational Intelligence, Vol. 1625, pp. 
342-353,1999 

[2] Czarczyski W., Klempous R., Nikodem J., “Multilevel 
approach to traffic control system”, Computer Aided 
Systems Theory — EUROCAST'97, Vol. 1333,pp. 561-
566, 1997. 

[3] Favaro C., “Application of Axiomatic Design to Develop 
a Lean Logistics Design Methodology” The 41st CIRP 
Conference on Manufacturing Systems May 26–28, 2008, 
Tokyo, Japan, 163-168, 2008. 

[4] Fey, V., Rivin, E.I. Innovation on Demand: New Product 
Development Using TRIZ, New York: Cambridge 
University Press, 2005. ISBN 0521826209, 
9780521826204 

[5] Gazis, D. Traffic Theory. Norwell MA: Kluwer Academic 
Publishers, 2002. ISBN-10: 1402070950, ISBN-13: 
9781402070952 

[6] Iowa Statewide Urban Design and Specifications 
(SUDAS). Chapter 5, Section 5I-2, Access Management. 
Iowa Statewide Urban Design Manuals. 
http://www.iowasudas.org/design.cfm. 

[7] Lee K.D., Suh N.P. and Oh J.H., “Axiomatic Design of 
Machine Control System" CIRP Annals - Manufacturing 
Technology, Vol.50(1), 109-114, 2001. 

[8] Levinson D., and Chen W., “Traffic Management 
Systems”, Assessing the Benefits and Costs of ITS, 
Vol.10. pp. 263-285, 2004. 

[9] Mann D., “Emergent contradictions: A synthesis of 
TRIZ and complex systems theory”, Trends in Computer 
Aided Innovation, Vol. 250, pp. 23-32, 2007. 

[10] Reijmers, Han J., Course Lecture Notes for Et4-024 - 
Traffic Guidance Systems, “Chapter 11: Traffic Control 
and Traffic Guidance”, Delft University of Technology, 
the Netherlands, November 7, 2006. Web site: 
http://www.pn.ewi.tudelft.nl/education/et4-
024/notes/h11.pdf 

[11] Suh Nam P. Axiomatic Design: Advances and 
Applications, New York: Oxford University Press US, 
2001. ISBN 0195134664, 9780195134667 

[12] U.S. Department of Transportation (USDOT), 
Roundabouts: An Informational Guide Chapter 5 Safety, 
2000, Web site: http://www.tfhrc.gov/safety/00-
0675.pdf 

[13] White  K. P., “Systems design engineering”. Systems 
Engineering. Vol.1(4), pp.285 – 302,1999 

[14] Yang K., Zhang H., “A COMPARISON OF TRIZ AND 
AXIOMATIC DESIGN”, International Conference on 
Axiomatic Design, ICAD ’00, Cambridge, MA, Jun. 21-
23, 2000. 

 



Proceedings of ICAD2009 
The Fifth International Conference on Axiomatic Design 

Campus de Caparica – March 25-27, 2009 

ICAD-2009-19 
 

  Copyright © 2009 by ICAD2009 

ABSTRACT 

Nowadays, due to its critical role regarding product cost and 
performance, as well as time to market, product design is 
considered to be at the new frontiers for achieving 
competitive advantage. Therefore, to face today’s rapidly 
changing business environments, it is extremely important to 
adopt a systematic approach to product design, in order to 
avoid errors and consequently achieve shorter time-to market 
performances. In this context, we will describe a new 
approach to support product design, which links Axiomatic 
Design (AD) and Multidisciplinary Design Optimization 
(MDO), applied in an integrated way at the conceptual design 
and the detailed design stages, respectively. Firstly, the 
conceptual design stage is undertaken by AD, which is used to 
map Functional Requirements (FRs) with the corresponding 
Design Parameters (DPs). Even though we try to guarantee 
the Independence of  FRs, as established by Axiom 1 of  AD, 
if  some remaining coupled relations subsist that is not 
prohibitive. Afterwards, the detailed design is carried out by 
MDO, considered to be an appropriate methodology to 
design complex systems through an adequate exploitation of  
interacting phenomena. The proposed approach is applied to 
the design of  metallic moulds for plastic parts injection, since 
the mould makers sector involves constant design and 
production of  unrepeatable moulds, where uncoupled design 
solutions, mostly due to technological and time reasons, aren’t 
common (this sector is strongly influenced by customers who 
place enormous pressures on lead-time and cost reduction). 
This application points out the high potential of  improvement 
that can be achieved through the simultaneous improvement 
of  mould quality, reliability and time to market. 

Keywords: Axiomatic Design, Multidisciplinary Design 
Optimization, moulds design, coupled designs. 

 

1 INTRODUCTION 

 
In general product development can be described as an 

iterative process, where some recursive and repetitive tasks, 
dominated by empirical knowledge, are performed until an 
acceptable solution is achieved. Due to today’s market 
pressure to reduce costs and time-to-market of  products, as 
well as to increase its quality, new design approaches must be 

adopted, leading to faster and more efficient product 
development. 

One of  these methodologies is Axiomatic Design (AD), 
which establishes a systematic and scientific basis for the 
product design process, with the final goal of  determining the 
best design solution [Suh, 1990]. The basic postulate of  the 
AD approach is that there are two fundamental axioms that 
must govern the design process: the Independence axiom and 
the Information axiom. The first axiom states that the 
independence of  Functional Requirements (FRs), which are 
the specific requirements translated from customer’s needs, 
must always be maintained. The second axiom establishes that 
the best design, amongst designed solutions that satisfy the 
independence axiom, is the one that has the smallest 
information content.  

In addition, AD establishes that the design process must 
progress by mapping the FRs into Design Parameters (DPs), 
which characterize each design solution, in a top-down 
hierarchical manner. For each level of  decomposition, the 
relationships between FRs and DPs can be described 
mathematically as a design matrix [A]. According to the 
structure of  this matrix, there are three types of  design: 
Uncoupled, Decoupled and Coupled. The Uncoupled design 
(most preferred) is characterized by a diagonal matrix, which 
indicates the independence of  all FR-DP pairs [Jang, Yang et 
al., 2002]. The Decoupled design (second choice) is 
characterized by a triangular design matrix. Therefore, the FRs 
can be answered systematically, from FR1 to FRn, by 
considering only the first n DPs. Finally, the Coupled design 
(undesirable) is characterized by a design matrix with no 
specific structure. Therefore, a change in any DP may 
influence all FRs simultaneously, meaning that the 
independence axiom is not accomplished. Although this type 
of  design is not promoted by AD, because it does not 
guarantee the first axiom, some authors (e.g. [Crawley, Weck et 
al., 2004]) believe that there are some cases where it should be 
applied, especially when performance, efficiency and 
packaging constraints dominate, where uncoupled/decoupled 
solutions might not be feasible. This is the case of  metallic 
moulds for plastic parts injection [Ferreira, Cabral et al., 2006], 
where, by technological and time reasons, mould designs are 
generally a coupled solution, or has at least do have some 
coupled areas. In this sense, Multidisciplinary Design 
Optimization (MDO), which is considered appropriate to 
design complex systems trough an exploitation of  interacting 
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phenomena, can be undertaken in order to design faster and 
improved solutions, with minimal coupling vulnerabilities.  

 

2 AXIOMATIC DESIGN APPROACH 

 
According to AD theory, the world of  design is made up 

of  four domains (Figure 1): the customer domain, the 
functional domain, the physical domain and the process 
domain [Suh, 1990]. The starting point of  process design is 
the identification of  Customers Attributes (CAs) in the 
customer domain. Then, these CAs must be translated into 
specific requirements, designated as FRs, which are formalized 
in the functional domain. After that, considering that the 
objective of  design is generated as a physical solution, 
characterized in terms of  DPs (that meets FRs), the design 
must progress by interlinking these two domains (functional 
and physical) through a zigzag approach. Finally, the last step 
involves interlinking the DPs with the Process Variables 
(PVs), which assure product manufacturing.  

 

Customer 
Attributes

(CAs)

Functional 
Requirements

(FRs)

Design 
Parameters

(DPs)

Process 
variables

(PVs)

Customer Domain Functional Domain Physical Domain Process Domain

 
Figure 1. World of  AD design: domains. 

 
One first attempt to apply an AD approach to moulds 

design was carried out by Ferreira et al. [Ferreira, Cabral et al., 
2006]. That application encompassed the identification and 
decomposition of  the FRs and DPs into their respective 
hierarchies, following the traditional zigzagging approach to 
map FRs into DPs. To undergo that process, the authors 
considered that the main aim of  an injection mould is to 
replicate the desired geometry of  the plastic part, which 
involves the design of  some typical functional systems (e.g. 
feeding system, ejection system, venting system, heat-
exchange system, impression system and guide system). They 
also assumed, as a typical process of  mould design, the one 
that is undertaken by the majority of  mould makers. During 
this process, they found out that the design matrixes identified 
were mostly coupled (Appendix I).  

Nevertheless, it is important to highlight that this 
mapping was obtained without linking first the CAs with the 
FRs (first task of  the AD design process). This task is 
considered important, because when not done (or not 
correctly done), designers may initiate the design process 
without fully understanding customer requirements [Rose, 
Beiter et al., 1999; Chao and Ishii, 2004]. This can lead them 
to conceive good product solutions which do not however 
satisfy at all of  customer needs. Since AD doesn’t comprise 
special references to how this task should be carried out, two 
sequential steps were adopted to undertake it. The first stage 
involved semi-structured interviews and visits to an illustrative 
sample of  Portuguese injection companies (customers of  
Portuguese moulds makers). This exploratory stage allowed us 
to identify the factors that might contribute to the perceived 

quality of  moulds and to inherent service, and to elicit a 
comprehensive set of  questions regarding the construction of  
a survey [Ferreira et al., 2007]. In a second stage, a survey 
based on the European Customer Satisfaction Index (ECSI) 
was developed, aiming to evaluate the impact of  each factor 
over Customers Satisfaction (CS) and Loyalty. Therefore, each 
attribute was ranked according to its relative importance to 
customers, in order to address the critical items.  

Based on the data gathered [Ferreira et al., 2008], it was 
possible to identify four main factors that contribute to 
mould’s design quality. These factors are the satisfaction of  
Part’s requirements, Injection process requirements, 
Constructive solutions and Accessibility (Table 1).  

 

Table 1. Factor’s importance regarding mould’s design 
quality. 

 Relative weights 
The capacity of  the mould's design to 
meet product requirements 

0.20 

The mould's design capacity to meet 
injection process requirements 

0.19 

The use of  adequate constructive 
solutions  

0.23 

The company accessibility in discussing 
the mould design  

0.18 

The overall quality of  mould design  0.19 
 
For each factor, a team of  seven mould designers defined 

the associated requirements (designated as CAs), which are 
typically required by injection mould customers, when they 
ordered the mould (Figure 2).  

 
Figure 2. Typical CAs regarding injection mould design. 

 
In order to refine and prioritize the identified CAs, it was 

assumed that CS is a linear function of  CAs performance (i.e. 
performance does have a correlation with CS, and CS with 
CA). In this regard, the team was asked to compare each CAs 
previously identified, two at a time. They used in this 
comparison a 1-9 scale [Saaty, 1994], with three levels: 1 - 
Equal importance; 3 – Moderately more important; 9 - 
Extremely more important. To determine the relative priority 
of  each item, the Analytical Hierarchical Process (AHP) was 
adopted (Table 2). This technique is widely used for 
addressing multi-criteria decision making problems, since it 
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assures the consistency and stability of  the forthcoming 
decisions [Lu, Madu et al., 1994]. In order to get a meaningful 
group preference, and assuming that each decision maker is 
of  equal importance, the Aggregating Individual Judgment 
(AIJ) approach was used [Raharjo, Xie et al., 2007].  

 

Table 2. CAs priorities 
 Customer’s attributes (CAs) Ranking 

Geometrical accuracy 0,436 
Dimensional accuracy 0,234 
Aesthetic aspects 0,198 

Part’s 
requirements 

Properties 0,132 
Productive capability 0,422 
Mouldability 0,289 
Adaptability 0,235 

Process’ 
requirements 

Efficiency 0,054 
Maintainability 0,568 Constructive 

solutions Reliability of  solutions 0,432 
Accessibility Accessibility 1,000 

 
Based upon these values, it is possible to express 

mathematically CS as a function of  CAs, as well as a function 
of  FR: 

 

( )

0.2 ' 0.19 Pr 0.23 0.18

     = 0.2 0.436 0.234 0.198 0.132 Pr

     + 0.19 0.422 0.289 0.235 0.054

= + + +

+ + +

+ + +

CS Part s ocess Solutions Accessibility

Geometrical Dimensional Aesthetic operties

Capability Mouldability Adaptability Ef( )

( )    0.23 0.568 int 0.432 Re 0.18+ + +

ficiency

Ma ainability liability Accessibility

 
(2) 

 
The next step in our AD approach encompasses the 

translation of  previously identified CAs into FRs, which are 
the minimum set of  functional requirements states in the 
functional domain (Table 3). This step is considered helpful to 
facilitate the physical structure generation, through FRs-DPs 
mappings [Yang and El-Haik, 2003].  

 

Table 3. Mapping CAs and FRs. 
Customer attributes (CAs) Functional Requirements 

(FRs) 

Geometrical accuracy Deflection 
Dimensional accuracy Tolerance 
Aesthetic aspects Visual marks 
Properties Specific property 
Productive capability Cycle time 
Mouldability Pressure range 
Adaptability Mould’s size 
Efficiency Volume of  scrap 
Maintainability MTTR 
Reliability of  solutions MTBF 
Accessibility Information content 
 
Several architectural concepts can be developed to fulfil 

the previous FRs. These alternative solutions are generated by 
mapping the FRs, in the functional domain, to a set of  design 
parameters (DPs), in an adjacent physical domain, by the 
zigzag process. In theory, the number of  plausible solutions, 
for any given set of  requirements, is unlimited, depending 
only upon the designers. In this sense, when there are no 
constraints (e.g. time, resources, etc), designers must look for 

solutions that respect the independence axiom (axiom 1) and 
minimize information content (axiom 2). However, due to 
market pressure to reduce the time-to-market of  products, the 
lead-time available for designing and making injection moulds 
is decreasing. Additionally, during the mould design process, 
customers often impose several changes to the plastic part 
geometry and other attributes, requiring fast modifications of  
the mould. Thus, mould makers are compelled to shorten 
both lead times and cost, as well to accomplish higher levels 
of  mould performance, which can only be possible with new 
design approaches.  

In this sense, the proposal here is that AD must be used 
as a support methodology for the conceptual stage, which is 
more focused on human creativity and intuition, aiming to 
guide the initial decisions in a more rational approach. Then, 
if  some axiom 1 violations subsist, they will be addressed at 
the detailed stage, through an MDO application, since it is 
considered an appropriate methodology to explore the 
interacting phenomena. According to this proposal, firstly AD 
was undertaken in order to support the conceptual design. In 
this stage, the initial mould’s design decisions were defined 
according to the FRs-DPs mapping developed for the upper 
levels (Figure 3 and Figure 4).  
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Figure 3. FRs defined for top levels. 
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Figure 4. DPs defined for top levels. 

 
For the previous levels of  decomposition, the respective 

design matrixes were developed using X and 0 to express the 
relationships between FR and their associated DPs, where X 
indicates a mapping relationship and 0 a lack of  mapping 
relationships (Figure 5). 
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Figure 5. Design matrix for upper levels of  an injection 
mould design. 

 
Based on the previous figures, it is possible to verify, as 

was expected, that injection mould is a highly coupled design.  
 

3 MDO FRAMEWORK 

 
MDO is a powerful approach that exploits the synergies 

of  the interdisciplinary couplings through a systematic and 
mathematically-based manner [AIAA, 1991]. Its goal is to find 
the optimal design of  complex systems, achievable by the 
systematic exploration of  the alternatives generated at the 
conceptual stage, which are then lead to the optimal state in 
the detailed stage. In order to pursue this goal, MDO adopts 
formal optimization methods to achieve design 
improvements, where some algorithms facilitate the 
exploration of  large design spaces, including those that may 
be characterized by discrete variables or discontinuous 
functions [Korte, Weston et al., 1997]. This procedure enables 
product designers to deal with complex interactions, due to 
the existence of  several constraints (e.g. technology, time, 
resources, etc.), using quantitative mathematical models.  

One major approach exploited in MDO is decomposing 
a large system into smaller subsystems, connected by 

information flows from outputs of  one subsystem to the 
inputs of  another. These information flows between 
subsystems are termed couplings [English and Bloebaum, 
2008]. Regarding the injection mould design, five subsystems 
were identified: Conceptual, Feeding, Structural, Heat-
Exchange and Ejection. The conceptual subsystem includes 
the preliminary design decisions, such as type of  mould 
(Structure design), the types of  feeding system (Feeding 
design) etc., which were previously identified in the 
conceptual stage through our FR-DP mapping. The feeding 
subsystem, which encompasses the Sprue, the Runners and 
the Gates as components, has the main function to assure 
melt distribution from the injection nozzle of  the moulding 
machine into the mould cavities. The structural subsystem is 
responsible for moulds coupling into the injection machine 
and for the overall assembly of  its components. This 
subsystem must also guarantee the alignment and guiding of  
the mould. The heat-transfer subsystem is composed by a 
system of  cooling channels, through which a coolant is 
pumped, aiming to transfer heat between mould, melt, coolant 
and environment. Depending on the material, most of  the 
times the objective is to remove heat from the mould, so that 
– once filled - the part is sufficiently rigid to be ejected. The 
ejection subsystem has the main function to knock out the 
injection moulded parts, in order to release them from the 
mould.  

A block diagram (Appendix 2) was built in order to 
identify the feedforward and feedback paths between the 
different subsystems. It is important to note that the mapping 
is generic and was established independently of  specific 
plastic part and injection machine characteristics (i.e. these 
modules and their relations are present in every mould design 
problem). 

This approach facilitates the mathematical formulation of  
the mould design as a multidisciplinary system design 
problem. The multidisciplinary processes considered were 
rrheo log i ca l , which seek to model and evaluate the mould 
filling process, thermal , encompassing heat transfer between 
melt, mould and coolant, mechanica l , concerning the mould’s 
physical movements of  opening and closure and plastic part’s 
push-out, and, finally, s t ruc tura l , aiming to minimize the 
mould’s deformation induced by compressive and bending 
stresses, as well as increase mould’s life cycle by load cyclic 
reduction. Some assumptions have been made to simplify the 
MDO approach to injection mould design. For example, the 
design of  more complex elements of  moulds (e.g. sliders) was 
not taken into account.  

 

4 CYCLE TIME OPTIMIZATION 

 
In order to validate the proposed framework, based on 

AD and MDO interlinks, the cycle time was used as an 
example of  one FRs which should be minimized, in order to 
increase process capability (CAs).  

Theoretically, cycle time can be defined as the summation 
of  the time for the different stages of  the injection moulding 
process. Therefore, cycle time can be mathematically 
expressed by Eq.1 (for more details see [Ferreira et al., 2008]). 
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Assuming that geometry and material of  the plastic part, 

as well as injection machine parameters, are imposed by the 
mould customer (which is usually what happens in the mould 
design process), the design variables that must be optimized, 
in order to find the best solution, are: 

dSprue = Sprue diameter [m] 
lRunner = Runner length [m] 
lGate  = Gate length [m] 
dGate  = Gate diameter [m] 
DraftSprue = Sprue draft angle [º] 
lSprue  = Sprue length [m] 
Pinj  = Injection Pressure [Pa] 
dRunner = Runner diameter [m] 
dRelease = Distance of  part’s release [m] 
 
Since Tmelt (i.e Melt temperature), Tmold (i.e Mould’s 

temperature), Tdemold (Demoulded temperature) and ! 
(material coefficient of  diffusitivity) are dependent of  
material, and Aproj (Projected area of  moulding) is a function 
of  partition plane location, which was decided at the 
conceptual stage, these items are considered as parameters 
(invariable values). Nevertheless, it is important to note that 
mould’s design is assumed as an integrated optimization 
problem (according to the MDO approach). Therefore, for 
solving the cycle time minimization problem, due to the 
existence of  coupling relations between mould subsystems, 
there are several constraints and design variables that must be 
also included in the optimization problem. For instance, the 
minimal distance for cavity insert on the X coordinate 
(Xins_cav) is function of  Pinj, since the mould’s cavity insert 
must be strong enough to withstand millions of  cyclic internal 
loads from injection pressures. In this sense, this variable must 
be dimensioned in order to overcome this effort. At the same 
time, Xins_cav is important to define cavity plates dimension, 
since the cavity plate must accommodate the cavity’s insert, as 
well as the coolant lines of  the heat-exchange subsystem. 
Therefore, as this example illustrates, the final optimal 
solution must be found taking in consideration the coupling 
relations and global constraints. In this context, the complete 
set of  design variables, which will be used for our cycle time 
optimization problem, is summarized in the next table.  

 
 
 
 
 
 
 
 
 
 

Table 4. Design variables for cycle time optimization 
problem. 

Design Variables (DVs) Symbol 

Injection Pressure Pinj 
Distance X cavity Insert Xins_cav 
Distance Y cavity Insert Yins_cav 
Final distance X cavity and core Xcav_core 
Final distance Y cavity and core Ycav_core 
Height of  core insert Hcore_Ins 
Height of  cavity insert Hcav_ins 
Final distance Z for cavity Zcav 
Final distance Z for core Zcore 
Release distance dRelease 
Final distance Z for plate 1,9 Zplate_1,9 
Final distance Z for plate 4 Zplate_4 
Final distance Y for plate 5,6 Yplate_5,6 
Final distance Z for plate 5,6 Zplate_5,6 
Final distance Y for plate 7,8 Yplate_7,8 
Final distance Z for plate 7 Zplate_7 
Final distance Z for plate 8 Zplate_8 
Length of  sprue lSprue 
Diameter of  sprue dSprue 
Draft angle of  sprue DraftSprue 
Diameter of  runner dRunner 
Length of  runner lRunner 
Diameter of  gates dGates 
Length gate lGate 
Diameter channel of  coolant dcool 
Distance z from cavity surface to the 
center of  cooling line 

Zcool 

Distance between turns in y pitch_cool 
Number of   changes in position of  
coolant channel 

nturns 

Length of  coolant line lLine 
Increase of  temperature of  coolant !Tcool 

 
It is important to note that the space of  design solutions is 
defined by all admissible values that each design variable can 
assume. In this sense, a specific design solution will be 
characterized by a set of  DPs, where each DP value is equal to 
the optimal value determined for the respective design 
variable. Afterwards, applying the Generalized Reduced 
Gradient 2 algorithm (GRG2), it was possible to determine 
the optimal solution, which represents a cycle time reduction 
of  7% over the initial solution (Table 5).  
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Table 5. Optimal versus Initial solution. 
DVs  Units Initial Optimal=DPs 

Pinj Pa 1,8E+08 1,55E+08 
Xins_cav m 0,258 0,27 
Yins_cav m 0,258 0,27 
Xcav_core m 0,296 0,296 
Ycav_core m 0,296 0,296 
Hcore_Ins m 0,043 0,0428 
Hcav_ins m 0,044 0,0443 
Zcav m 0,056 0,046 
Zcore m 0,056 0,046 
dRelease m 0,075 0,075 
Zplate_1,9 m 0,046 0,022 
Zplate_4 m 0,046 0,046 
Yplate_5,6 m 0,046 0,066 
Zplate_5,6 m 0,046 0,106 
Yplate_7,8 m 0,202 0,252 
Zplate_7 m 0,016 0,026 
Zplate_8 m 0,026 0,026 
lSprue m 0,068 0,068 
dSprue m 0,013 0,0124 
DraftSprue º 1,000 1 
dRunner m 0,009 0,0088 
lRunner  m 0,120 0,083 
dGates m 0,001 0,0019 
lGate m 0,001 0,001 
dcool m 0,01 0,0048 
Zcool m 0,025 0,010 
pitch_cool m 0,05 0,019 
nturns  7 7 
lLine m 1,196 1,04 

!Tcool ºC 0,5 1 

Cycle time  s 121,47 112,43 
 

The GRG2 optimization algorithm was adopted because 
it is widely used, since it is considered to be an effective 
method for addressing large-scale nonlinear programming 
problems, with mostly smooth non-convex nonlinear 
functions. It is better adapted to handle problems with 
infeasible initial designs and under the presence of  equality 
constraints. Some advantages of  this method are that its 
extension for determining the solution of  large sparse 
problems is conceptually simple, as well as its availability and 
user-friendly nature. 

Based on the previous values, it is possible to characterize 
the design solution that minimizes cycle time. Considering 
that CS increases linearly with cycle time (the additional 
improvement on CS, made by cycle time coupling with other 
FRs was, at this stage, neglected), it is possible to conclude 
that this solution, when compared with a baseline solution 
that was determined following practical guidelines [Centimfe, 
2003], will lead to a 0.56% increase in CS (see Eq.2).  

 
0.19 0.422  

          =0.08  

          =0.56%

! = " " !

!

CS cycle time

cycle time
 

(2) 

 
 

5 CONCLUSION 

 
The main objective of  this paper was to describe a new 

approach, which links Axiomatic Design (AD) and 
Multidisciplinary Design Optimization (MDO), developed to 
support the product design process. This framework aims to 
help designers to achieve a faster and a more efficient design 
of  complex products, as a way to face the current market 
challenges. In this sense, the framework proposes to carry out 
the conceptual design through an AD approach, aiming to 
map FRs with the corresponding DPs. Then, to support the 
detailed design stage, MDO is adopted with the objective to 
determine the best solution design through the exploitation of  
the design space established by the options made at the 
conceptual stage.  

In this sense, the starting point of  our approach involves 
CAs identification and its translation into FRs. This task was 
performed by conducting semi-structure interviews. The data 
gathered was validated by an ECSI survey. Then, the identified 
FRs were mapped into DPs regarding only the upper levels of  
design (conceptual level). At this stage, even seeking for the 
independence of  FRs, some remaining coupled relations can 
subsist, and they are not considered to be prohibitive. 

In relation to the detailed design, a framework based on 
MDO was developed, which tackled mould design in a global 
way, through structural, thermal, rheological and mechanical 
domain integration. This framework was validated, using the 
GRG2 algorithm, where a baseline solution was optimized 
regarding cycle time, allowing for a 7% reduction of  cycle 
time. This result points out the potential for mould design 
improvements, since the developed framework can be used to 
search the best solution for mould design, amongst the design 
space established after initial decisions have been made at the 
conceptual stage.  

It is also important to note that this framework 
encompasses the modules and the relationships that are 
present in every mould design problem, which means that it 
can be used for any mould design. Of  course that the design 
of  more complex elements, that can be present in moulds, has 
not yet been included in this framework. Nevertheless, the 
design of  these elements will be the object of  future research. 
Finally, in order to develop a more realistic model for mould’s 
design and to get more accurate results, some high-fidelity 
models, like Moldflow, will also be integrated in our approach.  
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ABSTRACT 

Axiomatic design theory was once considered the domain 
of  engineering doctoral candidates and industry experts in 
search of  an improved understanding of  design. However, an 
innovative freshman design course at KAIST is using 
Axiomatic Design Theory, along with traditional product 
design and TRIZ, to improve the students’ ability to think 
independently, consciously, rationally, and synthetically. This 
paper discusses the basic format, goals, and philosophy for 
ED100: Introduction to Design and Communication. Finally, 
the successes, challenges, and the future implications of  the 
course are also discussed. 

 

Keywords: first year education, design theory 

  

1 INTRODUCTION 

Axiomatic design (AD) theory was once considered the 
sole domain of  engineering doctoral candidates and industry 
experts in search of  an improved understanding of  design. 
AD is still offered primarily in graduate engineering subjects 
[MIT, 2008; WPI, 2008; KAIST, 2008; Tate 2004], as 
university professional short courses [MITPI, 2008 and 
Brown, 2008] and through short courses offered by industry 
[ADS, 2008].  

However, as axiomatic design theory has gained 
acceptance within the larger design community, it has begun 
to appear in undergraduate classes. AD has been used in 
capstone design courses in the Mechanical and Electrical 
Engineering Departments at the University of  Idaho [Odom, 
2005]. It has been combined with a variety of  other design 
tools and theories in an undergraduate capstone course at 
Ryerson University in Canada [Salustri, 2003]. It is also 
compared to other design processes in an undergraduate 
materials design course at Northwestern University. However, 
until recently AD was still notably absent from the growing 
field of  freshman design education. 

This work describes an innovative freshmen design 
course at KAIST which uses Axiomatic Design Theory, along 
with traditional product design and TRIZ, to improve the 
students’ ability to think independently, consciously, rationally, 
and synthetically. 

 

2 MOTIVATION 
The new freshman design course at KAIST is part of  a 

larger initiative to make KAIST one of  the best scientific and 
technological universities in the world. 

 

2.1 KAIST REVOLUTION 

During his inaugural address at KAIST, President Nam P. 
Suh stated three major goals for helping the university to 
become one of  the premiere research institutions in the 
world: (1) “to produce the next generation of  leaders for 
society, industry, and academia,” (2) “to build the knowledge 
base and create technologies that will shape the future of  
humankind,” and (3) “to provide public service that will 
change our world for the better.” His vision was for KAIST to 
become “the place where innovative, new ideas and concepts 
are created that change the way people think and approach 
challenging issues. It will be where … disruptive technologies 
are generated. Most of  all, it will be the place where our 
planet's future leaders - in all fields of  human endeavor - are 
groomed through the rich education and varied experiences 
they receive and the professional and personal relationships 
they form.” [Suh, 2006] To achieve these goals, KAIST is 
working to create a campus-wide culture of  “design thinking.” 

 

2.2 DESIGN THINKING 

One of  the most complete discussions of  design thinking 
can be found in [Dym, 2005]. The paper’s definition of  good 
design thinking includes: divergent-convergent thinking; 
systems thinking; the ability to tolerate ambiguity and 
uncertainty; the ability to make decisions; the ability to work 
in teams; and the ability to communicate through various 
media and in the multiple languages of  design.  

Stephen Lu [2007] adds the following characteristics of  
good design thinking: “synthetic (rather than analytical) 
thinking; functional (rather than physical) 
thinking;…constructionist (rather than determinist) thinking; 
solution-neutral (rather than solution-specific) thinking; 
demand-driven (rather than supply-based) thinking; want-pull 
(rather than need-push) thinking; price-based (rather than 
cost-based) thinking; top-down (rather than bottom-up) 
thinking; [and] socio-technical (rather than pure-technical) 
thinking.” 

 

2.3 DESIGN REVOLUTION 

The design revolution at KAIST has three major parts. 
For undergraduate students, a new mandatory freshman 
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design class (ED100) has been created to introduce the 
fundamentals of  conceptual design and critical thinking to 
students. For graduate students, a new joint MS-PhD program 
is being developed with a special focus on interdisciplinary 
systems thinking. For faculty and researchers, a new research 
institute, the KAIST Institute for the Design of  Complex 
Systems (KIDCS), has been created to facilitate 
interdisciplinary research on design.  

 

2.4 ENGLISH REVOLUTION 

During his inaugural address, President Nam P. Suh also 
said that the “[f]uture graduates of  KAIST must have the 
ability to work in a global economy. They should be trained 
and exposed to the cultures and customs of  other nations so 
that they can operate globally in technical and managerial 
fields.”  As part of  the globalization efforts at KAIST, all 
courses must be offered in English by 2011. Currently all 
freshman and sophomore courses are taught in English. 
Junior level classes will be added in 2009 and senior level 
classes will be added in 2010.   

In accordance with these policies, the KAIST freshman 
design class is taught exclusively in English. It is the only 
major freshman design course (to the author’s knowledge) 
that is taught in English as a foreign language. The new joint 
MS-PhD systems thinking program will also be English-based. 
 

3 FRESHMAN DESIGN 

The freshman design course at KAIST is formally 
known as ED100: Introduction to Design and 
Communication. It is a 3 unit course and required for all 
incoming freshmen regardless of  major. (For the Spring 2009 
semester, it will become a 4 unit course consisting of  ED100: 
Introduction to Design and ED101: Communication for 
Design.) Approximately 400 students (half  of  the freshman 
class) register for the course each semester. 

The pilot for ED100 was run as a freshman elective in 
the Fall 2007 semester with 29 students. Prof. G. J. Park from 
Hanyang University in Korea was the course coordinator for 
that effort during a sabbatical leave at KAIST. The full scale 
version was first offered in the Spring 2008 semester and is 
run by Prof. M. K. Thompson and Prof. T. S. Lee from 
KAIST. 

The only other freshman design course which is required 
for all students regardless of  major (that the author is familiar 
with) is EPICS 151 at the Colorado School of  Mines. The 
majority of  the other required freshmen design programs are 
limited to the School of  Engineering, to a specific 
department, or are offered as first year elective courses.  
 

4 COURSE PHILOSOPHY 

The intent of  ED100 is to use design and design 
thinking to produce a paradigm shift in the way that the 
students think, view education, view the world, and view their 
role in the world.  

 

4.1 NEED FOR ED100 

At KAIST, 85 – 90% of  the students in the incoming 
freshman class have never participated in a design project 
before. Their education before entering university has focused 
more on memorization and calculation than on analysis and 
synthesis. Evaluation of  their work has been done with more 
tests than projects. These students have little experience with 
open-ended poorly-defined questions and assignment. They 
are used to working with specific instructions, rather than 
independently evaluating the situation and choosing the best 
path for their work. Finally, they are used to relatively little 
freedom of  choice in academic subjects and take courses that 
are required (or suggested) rather than choosing courses 
which will help them achieve their future goals.  

Because of  the choices made in the course development 
and the very nature of  design projects in general, ED100 
changes all of  the previous rules of  education and starts 
students down the road towards personal and professional 
independent thinking. It is, understandably, not always an easy 
road to take. 
 

4.2 EMPHASIS ON DESIGN THEORY 

There has long been an assumption that design cannot 
be taught. Designers are often said to be “born, not made”. 
Design is often described as an “art” or a “trade.” It is not 
uncommon to hear someone say that students must develop 
their “designer’s intuition” through experience. Design is, by 
definition, a human activity. Aspects of  it are intangible, 
inexplicable, and improved with time and experience. 
However, these adages do little to help students learn design 
or help professionals improve their efficiency or techniques.    

In ED100, we assume that design can be taught 
scientifically. As a result, the course materials focus heavily on 
design theory, process, and methodologies. The students are 
required to approach design from a creative, but conscious, 
rational, and systematic perspective. Trial-and-error and 
intuitive design are not permitted. All design decisions must 
be explained and justified. Success is evaluated not just based 
on the quality of  the resulting design from the viewpoint of  
the faculty members doing the grading, but based on the 
students’ ability to understand, explain, and substantiate their 
work. 

 

4.3 SUBJECT-SPECIFIC TOPICS 

Because the course is mandatory for all incoming 
students, appropriate subject-specific design topics, including 
principles of  design, design of  / design for, and design tools 
and technology, would be different for each student. As a 
result, subject-specific design topics are not covered in the 
course.  

Design projects are scoped to minimize subject- or 
domain-specific knowledge and skills. Required subject- or 
domain-specific knowledge is provided by project advisers 
and teaching assistants, or obtained through background 
research and expert interviews. It is expected that students will 
acquire subject specific design knowledge, skills, and 
experiences in upper-level design courses offered within their 
respective departments. 
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4.4 TO BUILD OR NOT TO BUILD 

Many undergraduate design courses strongly emphasize 
design realization (building). Hands-on experiences can 
enhance confidence, increase excitement, and result in an 
improved sense of  achievement at the end of  the course. 
However, there is a risk that students will focus on “doing” at 
the expensive of  “thinking” when faced with the pressure of  
impending deadlines (Students sometimes refer to this as 
“hacking things together.”)  

Design implementation in ED100 is not required for all 
projects. However, individual project advisers may choose to 
require a prototype. All students are encouraged to create 
some kind of  visual aid to help communicate their final 
design. Some projects will have full working prototypes. But 
the majority will rely on sketches, sketch models, movies, 
dioramas, or other media to communicate their ideas. 

It is expected that students will have additional 
opportunities to do detailed design and build-and-test in 
upper-level design courses offered within their departments. 
 

4.5 BREAKING THE RULES 

Novices in all fields, including design and 
communication, tend to seek “the rules”, while experts tend 
to ask “what are we trying to do?” In ED100, there are no 
“rules” which students must obey. Instead, students are 
exposed to different ideas, opinions, tools, and guidelines. The 
students, then, choose which aspects of  the lecture materials 
to apply to their design projects and how to apply it based on 
their needs.  The emphasis is on whether or not the students’ 
decisions make sense, and whether or not they can explain 
and defend those choices.  

 

4.6 GRADING PHILOSOPHY 

Discussions of  grading philosophy in freshman design 
classes are frequently heated affairs. Many faculty members 
argue that these courses are intended to be fun and 
motivational, and thus grading is either unnecessary or should 
be very lenient.  

In ED100, grading is a difficult issue. All aspects of  the 
course repeatedly emphasize that the course exists to help the 
students with their education, their lives, and their careers. The 
rewards in the course are not grades, but the opportunities 
that students have to write papers; file patents; start 
companies; and produce ideas and designs that could make a 
real difference in the world. The course faculty work very hard 
to ensure that students are not learning design simply because 
they were told to. 

However, there is also a major concern that if  grading is 
not taken seriously in the course, the students will not take the 
course seriously. Thus, evaluations in ED100 are done as 
rigorously as the grading in other subjects. Grading is done on 
a straight scale and there is no curve. Students are given the 
grade they earn. Grading instructions and criteria are 
published for all assignments and final deliverables. In 
addition, discussion forums are posted for all assignments and 
final deliverables. These steps are taken to make the grading 

process as fair as possible and to allow students to focus on 
their work instead of  their grades. 

 

5 COURSE OVERVIEW 

ED100 is a project (problem) based course that has been 
heavily influenced by the Northwestern University freshman 
Engineering Design Course. The course format changes 
slightly each semester, but in general students attend 1 - 2 
hours of  design lecture per week, 3 hours of  design 
laboratory, 1 hour of  communication lecture, and 1 hour of  
communication laboratory. 
 

5.1 DESIGN LECTURE 

There are 11 lectures during the 16 week semester. The 
remaining weeks in the semester are unscheduled to give 
students more time to work on their projects. 

Design lectures are primarily based on material from 
Axiomatic Design Theory [Suh, 2001] and traditional product 
design [Ulrich, 2008]. Classical AD assumes that the student is 
already familiar with design and that they will use AD to 
supplement and modify their design thinking, rather than 
building it from scratch. The material from product design is 
used to create a more holistic course for novice designers. The 
lectures are also supplemented with materials from Altshuller 
[2005], Pahl and Beitz [2005], Simon [1996], Suh [2005], and 
others.  

The lectures introduce various definitions of  design, 
design methods vs. design methodologies, and design 
thinking. Problem identification, problem clarification, and 
background research are discussed. Different design processes 
are introduced and compared. Customer needs and customer 
research are addressed. Functional thinking, functional 
requirements, and the independence axiom are introduced. 
Strategies, concepts, and design parameters are explored and 
compared.  

Concept refinement techniques from AD, TRIZ, and 
other areas are introduced. Students are encouraged to locate 
and fulfil hidden needs; eliminate coupling, conflict and bias; 
consider physical integration; introduce flexibility and 
modularity in their designs; use hidden or free resources; 
recognize and increase the level of  innovation in their 
concepts; and to increase the overall ideality of  their designs. 

Students learn about concept testing, concept selection, 
customer testing, and prototyping. A guest lecture on 
intellectual property in the US and in Korea is offered. The 
process domain and design implementation are discussed. 
Finally, the design matrix is discussed in more detail and 
advanced techniques for identifying coupling in the matrix are 
presented. Bonus lecture materials are available on complexity 
and the information axiom but are not presented in class. 
 

5.2 DESIGN PROJECTS 

Each semester, approximately 20 different design 
projects are offered. Each design project has one faculty 
project adviser and two graduate student project teaching 
assistants. Together, they advise four to five project teams 
which are composed of  four or five students each. Project 
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advisers come from all departments at KAIST and are 
welcome to offer any project topic. Internal and external 
clients who bring their own design project topics to the course 
may be introduced in the Spring 2009 semester. 

Projects are required to be unsolved, real world 
problems. They should encourage the students to further 
refine the problem definition and choose the specific aspect 
of  the problem that they will work on. Project should provide 
a large solution space so students can explore a variety of  
ideas, however the projects themselves should be solution 
neutral. (This makes the course more problem-based than 
project-based.) The projects should not require strong 
domain-specific knowledge, but should encourage students to 
use fundamental science. Finally, the projects should be 
scoped to allow students to build or specify a tangible solution 
if  possible. 

During the Fall 2008 semester, a professor from the 
School of  Humanities and Social Sciences offered a very 
successful project on policy design to bridge the digital divide. 
Other common themes include eco-friendly buildings or 
products, alterative fuels, futuristic cellular phones and IT 
products, a wide variety of  robots, international development, 
design for the disabled, and consumer products and toys.   

 

5.3 HOMEWORK ASSIGNMENTS 

Weekly project homework assignments are given to all 
students in the course. These are open-ended assignments 
which require the students to apply the lecture material to 
their specific projects. These assignments are graded by the 
project adviser or the project teaching assistants. Additional 
assignments may be given by the project adviser if  desired. 
 

5.4 COMMUNICATION COMPONENT 

Design is fundamentally a communication intensive 
activity. Communication skills are needed both for the 
successful delivery of  design outcomes and for the effective 
management of  design projects. This is particularly true for 
design projects which are focused on conceptual design and 
design thinking, instead of  on design realization. The 
communication component in ED100 was introduced to help 
and support the students with the communication aspects of  
their design projects and their final deliverables. 

ED100 communication lectures cover teamwork, 
professional communication, performing and documenting 
background and customer research, oral presentations, visual 
communication, and written communication. Communication 
laboratory sessions provide an opportunity for students to 
work with their teammates, other teams and their 
communication adviser to draft, revise, and refine their 
project-specific communication assignments.  

The communication component in ED100 places 
particular emphasis on learning communication skills in a 
technical context rather than learning general English 
communication skills. This is intended to provide a more 
authentic and need-based setting for applying and practicing 
the types of  communication needed for students of  science 
and engineering. 
 

5.5 COURSE DELIVERABLES 

The course has three final deliverables. Each team is 
required to give an oral presentation as part of  their mid-term 
design review. They are required to produce a technical poster 
which is displayed during the end-of-term poster fair. Finally, 
each team is required to write a technical report explaining 
their design problem, design process, and design solution.  
 

5.6 LOGISTICS 

To help run the course, Moodle online course 
management software is used. Announcements, lecture notes, 
assignments, and discussion forums are posted in the course 
main page. Project-specific announcements and discussions 
are posted on the project pages. All assignments are submitted 
and graded electronically on the project pages. 

 

6 RESULTS 

The success of  the course is evaluated through a variety 
of  metrics including the quality of  the final projects and final 
grades; survey results; unsolicited feedback from students, 
faculty, and visitors; and continuing work. 
 

6.1 FINAL PROJECTS 

Overall, the final projects in ED100 are very good. Most 
teams have strong statistics or customer data to demonstrate 
the need for their design and substantiate their customer 
needs and functional requirements. Designs tend to be 
uncoupled or decoupled. The level of  innovation for most of  
the projects is high and almost no projects rely on incremental 
improvements. Many projects have calculations, experiments, 
or customer testing data to support the viability of  their 
designs.  And all projects use formal design theories and 
processes to produce their final design (although some do so 
more successful and rigorously than others.) As a result, final 
grades in the course tend to be high. 

In addition, some teams have full working prototypes. 
The number of  working prototypes is on the rise despite not 
being a course requirement. For the Fall 2008 semester, teams 
produced working ducted-fan type unmanned aerial vehicles 
(UAVs) and air-drop vaccine containers which successfully 
survived being thrown off  of  tall buildings. Modular eco-
friendly paper furniture including a desk which retracts into 
the ceiling and bookshelves which can be reconfigured into 
chairs were produced. Students also designed and built bio-
mimetic robots that could climb stairs and navigate rough 
terrain. Some of  the designs that are being produced are 
junior/senior level work and not what one would normally 
expect from a freshman design class. 

 

6.2 SURVEY RESULTS 

The Spring 2008 final survey shows that the students felt 
that their overall understanding of  design (6.92/10) and their 
ability to think (6.83/10) both improved during the course. 
They also reported that they mostly enjoyed the course 
(6.74/10) and were satisfied with the course (6.77/10). Results 
from the Fall 2008 survey also show that students feel that 
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they have learned a lot during the semester (4.90/7) and 
mostly enjoyed the course (4.11/7). 

Survey results are likely affected by three sources of  bias. 
First, the surveys are conducted in English. This introduces a 
risk that students will not fully understand the meaning of  
some questions. Second, surveys are conducted during finals 
week when student stress levels are highest and students have 
not had time to reflect upon their experiences. Lastly, the 
Spring 2008 survey was not mandatory and may not 
adequately reflect the opinions of  the entire student 
population. As a result, the surveys are used primarily to 
improve the course for the next semester.    
 

6.3 CONTINUING WORK 

After the Fall 2007 pilot of  ED100, three teams were 
invited to present their design projects at the Fifth China-
Japan-Korea Joint Symposium on Optimization of Structural 
and Mechanical Systems in Jeju, S. Korea. A fourth team 
continued their work as an Undergraduate Research Project 
(URP) and presented their work as a research paper at the 
21st International KKCNN Symposium on Civil Engineering 
in Singapore.  

After the Spring 2008 semester, one team continued 
their work as a URP and filed two patents on their design. 
(Several other teams were considering filing patents, but those 
statistics are not currently available.) In addition, Samsung 
invited nine teams with projects related to the company’s 
interests to participate in a 'KAIST Freshman Invitation 
Competitive Seminar'. 

It is expected that a substantial number of  patents will 
be filed from the Fall 2008 projects, but the number is not yet 
known. 

 

6.4 UNSOLICITED FEEDBACK FROM FACULTY 

Unsolicited feedback from various faculty members 
associated with ED100 has generally been very positive. Many 
faculty members regularly voice their support for the course 
and express interest in continuing to be a part of  the course as 
time allows. However, there were some initial reservations 
about the course, including concerns that the students did not 
have enough domain knowledge to do design, or that the 
course material was too non-traditional or not applicable to all 
students and majors. As time goes on, those concerns seem to 
be diminishing. One of  the project advisers from the Spring 
2008 semester sent the course coordinators (and the president 
of  the university) an email with the following statement:  
 

“At the beginning of  this semester, I was uncertain 
about whether this kind of  design course would work 
for freshmen. … However the seriousness and heated 
atmosphere of  the students in the team discussion 
convinced me that they know what they are doing and 
this course will work. I was also re-convinced that you 
don't need to be a master or PhD to be a good 
designer.” 

 
The greatest strength of  any educational experiment is not 
shown by its initial supporters, but in those who are 

convinced after experience with the project. Comments of  
this kind are considered to be excellent indicators of  success 
for ED100. 

 

6.5 UNSOLICITED FEEDBACK FROM STUDENTS 

Similarly, the initial response of  the students to ED100 
is frequently mixed. The course material is new to all of  the 
students and very challenging. Students often complain that 
the course work load is too high and the course itself  is too 
fast-paced. They also sometimes feel that the lecture material 
is “trivial” or “useless” at first and that the course should not 
be required. However, these opinions often change after the 
students have completed their project and participated in the 
poster fair. One student email to the course coordinators from 
the Spring 2008 semester said: 
 

“I want to give my thanks to you. Frankly speaking, 
even until the last period of  the semester, I didn't like 
this class because the homeworks [sic] was too hard, 
big and a lot. 
 
But, during doing the poster fair and presentation, I 
changed my mind. I thought that it is just hard and 
doesn't help my study, but now I think that it changed 
my view of  thinking. And I also could feel the 
happiness of  accomplishing something with the 
members with same object. It was really the one of  
the happiest things in my first semester. 
 
I like your class and thank you for giving me the 
chance to have this good experience^^.” 

 
(Note: The double carrots at the end of  the statement are the 
local equivalent of  a smiley face.) Similar sentiments were 
echoed by a student from the Fall 2008 semester: 
 

“To be honest, this course was one of  the toughest 
courses that I have learned since my elementary school 
years :) Also, as our team's project topic was not 
making any tangible thing, but rather creating a policy, 
it was a lot tougher. Getting started was such a huge 
job that it took us more than about three weeks to get 
the idea of  what we are going to do. However, after 
the poster fair and all those difficult days are past, I 
think we learned a lot! I feel really thank you for this 
course for giving me such precious lessons! Hope the 
coming freshmen students next year learn a lot from 
this course as well :)” 

 
These statements are significant for three reasons. First, again 
they show that the course is successful in accomplishing its 
goals in changing the students’ attitudes towards their 
education and their role in the world. Second, they show that 
students who were not initially supportive of  the course were 
convinced of  its value through their experiences. But they are 
most important because surveys have shown that most 
undergraduate students do not realize the full value of  their 
experiences in design courses until 5 years after graduation. 
The fact that these students are beginning to recognize the 
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value of  ED100 both for themselves and for future ED100 
students after only a single semester is phenomenal.  
 

6.6 CULTURE SHIFT 

Finally, there have been both successes and failures in 
producing a culture shift in the students. Students are 
increasingly comfortable with expressing themselves in 
English. They are becoming more vocal and pro-active both 
inside and outside of  the class. Their questions and comments 
frequently demonstrate a very mature and impressive 
understanding of  design. They are actively seeking help and 
looking for feedback. They are beginning to debate with each 
other and their professors. And, we are finally starting to see 
students valuing the results of  their work (and the 
opportunities and rewards) that exist outside of  grades. 
Although these changes may seem small, they are a drastic 
departure from the traditional Korean educational system. 

However, there is still a lot of  confusion and debate 
about the definition of  “design” for both the students and the 
faculty and the value of  AD. The term “design” when 
translated directly into Korean strongly implies aesthetic or 
industrial design. It also frequently equated with “creativity” 
and “optimization” in Korea. It is uncommon to see design 
discussed as a larger field and within a larger context. This is 
demonstrated in some of  the comments from students in 
their final surveys. One student from the Fall 2008 semester 
suggested: 
 

“[S]implify the lectures and get out of  the strict 
structure of  the design process that ED100 
demanded. Instead, grant the teams to produce their 
own process and get on with it. Of  course, this would 
mean that there would be no FRs but I'm sure the 
teams will get along fine without them.” 

 
(Note: The course does actually permit students to use their 
“own process and get on with it” but AD is still required for 
homework assignments and is a small part of  their technical 
evaluation.) This shows that this particular student still doesn’t 
fully understand the necessity of  defining what they are trying 
to do, before going about doing it. Or, perhaps they do not 
understand how FRs help to do that. But in any case, the 
course has failed to adequately convey these ideas to all of  the 
students. 

Another student recognized the differences between the 
more common definitions of  design that they are used to and 
the course material. However, they also do not appreciate the 
role of  FRs and DPs in the design process. AD is seen as an 
impediment to creativity and ideation, instead of  a way to help 
organize and focus those efforts. 

 
“What I've found out is that the way most of  the 
teams thought of  'designing' was very different from 
the 'designing' that this course tended to do. We 
thought all we needed to do was think of  a good idea 
and finalize it into an awesome product. But this 
ED100 designing was trying to create 'something' 
from 'nothing' which didn't allow any creative, 
popping ideas to be fulfilled directly. If  I were to teach 

this class, I'd give the topic and develop it without the 
FRs and DPs and get onto specifying people's ideas 
right away. In this way, the teams will be relieved from 
the stress of  FRs and have fun making their product 
more attractive and useful.” 

 
A third student’s comments indicate that we have not 

adequately explained why is will never be possible to optimize 
a poor design into a successful one. Although, we do seem to 
have succeeded in helping them learn to value patents: 

 
“It was helpful in that we had to find solutions for 
problems in a different method, but we did not have a 
chance to optimize existing systems, which would 
actually be the realistic, "patent inducing" design 
approach that could actually assist in creating realistic 
solutions.” 

 
These alternate or limited views of  design are sometimes 
reinforced by faculty, family, and friends.  

The suggestion to begin with ideation and more traditional 
types of  design is one that should be seriously considered. 
This may help students fully engage in their projects earlier 
and also provide a context for them to use and appreciate AD 
later in the semester. 

 Despite the obvious disappointments, these detailed 
comments show that the students are beginning to value 
“design” – whatever it is. They are also beginning to evaluate 
the design process that they used and suggest alternatives or 
improvements. These represent the third (valuing), fourth 
(organization), and fifth (characterization by value 
set/internalization of  the value) levels of  Krathwohl’s 
taxonomy in the affective domain. This, in itself, is a major 
achievement.  

Finally, other student comments do express an 
understanding of  and an appreciation for axiomatic design 
theory and the course materials. The extent to which students 
do (or do not) appreciate some of  the more formal aspects of  
the course are not known at this time.  
 

7 DISCUSSION 

ED100 faces many challenges, but also provides 
unparalleled opportunities for educational and design 
research. 
 

7.1 CHALLENGES 

There are many challenges associated with running any 
large design course and ED100 is no exception. However, 
some of  the challenges in ED100 are specific to the course.  

The majority of  the students in ED100 (93%) and many 
of  the faculty members, staff  members, and TAs are Korean 
citizens who learned English as a foreign language. English is 
the second (or third) language for many of  the international 
students as well. Taking and teaching courses in a foreign 
language is always a challenge. However, trying to explain, 
understand and use the highly abstract, conceptual material 
from ED100 in a foreign language is especially difficult.  
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Most of  the faculty and almost all of  the TAs involved 
in the course are unfamiliar with formal design processes, 
theories and methodologies. Thus, it is an additional burden 
for them to learn the course material so they can answer 
questions and support their students. 

 Most of  the design theories being covered in ED100 
were originally developed by or for mechanical engineering or 
product design. Although many of  them were intended to be 
universally applicable to all areas, the course material is still 
more suitable for some projects than for others. This is a 
challenge both for the faculty and the students and is reflected 
strongly in the survey responses. 

Finally, because the all course material is being combined 
from different sources and because some of  the material has 
never been taught to first year students, the course material is 
constantly evolving and no unified textbook is currently 
available for the students. A textbook is planned for the 
course and should be available within a few years but this is 
little consolation for the current students. 

 

7.2 OPPORTUNITIES 

Despite the challenges, there are also many opportunities 
especially for the advancement of  design education and design 
theory.  ED100 provides an unprecedented occasion to study 
how undergraduate students learn axiomatic design theory 
and apply it to non-traditional areas. Trends in questions that 
students ask or problems that they have applying a given idea 
to their projects often indicate research areas to explore. 
Ultimately, the field of  design as a whole and axiomatic design 
theory in particular will likely continue to grow and evolve as a 
result of  this course, its faculty, and its alumni. The areas 
which have already been identified by ED100 will be the 
subject of  future work. 

 

8 CONCLUSION 

A new required freshman design course at KAIST has 
been developed which combines axiomatic design theory with 
traditional product design and other areas of  design. The 
goals, philosophy, and basic format of  the course were 
discussed. It was shown that the course has been successful in 
helping first year students to develop, and in some cases 
realize, innovative new designs. Feedback from the course 
faculty and students indicate that the course is challenging, but 
valuable and that a shift in the student culture is beginning to 
take place. There are a number of  challenges associated with 
the course, including problems with helping the students to 
fully understand and appreciate axiomatic design theory and 
other formal design methodologies. However, the students are 
demonstrating a solid understanding of  design and are 
beginning to value design and internalize that value. Finally, 
ED100 has great potential to open up new areas of  design 
research and expand current design theories.  
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ABSTRACT 

In this paper, we review the course ED100 
“Introduction to Design and Communication” offered at 
KAIST. This course instructs the students on the basics of  
design using the Axiomatic design process, a unique course 
structure, and multiple sources of  information. We review in-
depth the correlation between the Axiomatic Design Theory 
and curriculum, the behaviour of  students in response to the 
course material in a semester framework, and the impact of  
the course on the students by using our project as an example: 
the design of  a vaccine delivery system to developing 
countries.  

Keywords: Vaccine, KAIST, Education, Curriculum, Design, 
Communication  

 

1 INTRODUCTION 

The first introductory course to design theory for any 
student is of  great importance, and can greatly affect his or 
her academic career because it has the ability to shape the 
students approach to design. This work examines the design 
process of  a vaccine delivery system for developing countries 
in the course framework of  ED100. We discuss the suitability 
of  applying the Axiomatic Design Theory to an introductory 
design course and explore the course’s impact on the students 
and the success of  the course. 

 

2 BACKGROUND 

Each student who participates in the class ED100 is 
allocated a project, linked to a department at KAIST, and is 
asked to conceive, design and develop a specific product or 
service based on the constraints and requirements offered by 
that specific project.  

The semester-long course has three basic components: 
main lecture, design labs, and communication labs. The main 
lectures are designed to instruct the students of  theory and 

concepts, while introducing design to the students in context 
of  its ambiguous nature. The design labs, are instructed by 
professors from a specific department, and are intended to 
guide students in a more specific and reduced scope for 
technical guidance concerning the project the student is given. 
Mated with these lectures and design labs are communication 
labs, a session intended to assist in the design process by 
allowing communication and interaction between students to 
optimize results of  the coursework. Teams are formed, 
generally with four to five students in one team. Team 
forming activities are also implemented to assist the students 
who are in participating in the project. The most visible 
milestones and deliverables in this project are homework 
assignments, design reviews offered by ED100 lecturers, and 
finally the end of  the semester poster fair, where we present 
our final projects.  
 

3 METHODS 

3.1 GENERATING CUSTOMER NEEDS 

Each homework, lecture, and design lab correlates to a 
step in the process of  Axiomatic Design. Our design lecturer, 
Prof. Mary Kathryn Thompson or Prof. Taesik Lee, would 
instruct the students on the concept or process of  the week. 
Our project adviser, Prof. Jung Kim from the Mechanical 
Engineering Department, would instruct us on a technical 
concept related to the project, and we would use these 
concepts to complete the task required by the course. The 
earlier portion of  the course in the timeframe of  the semester 
is used to generate customer needs for the design process. In 
our case, a problem was presented and constraints and 
regulations given early on. These constraints and problems 
were provided by our project advisor.  

Our problem was to deliver vaccines into remote areas 
of  developing countries where ground transport was not 
available. The vaccines had to be air dropped to their final 
locations, had to maintain a certain temperature for the 
vaccines to maintain their integrity, and also signal the 
recipients on the ground. The largest problem was that the 
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containers had to withstand the impact of  being airdropped 
onto unknown terrain. The project also contained other built 
in constraints. The amount of  ice able to be used in the 
container was limited to one kilogram. The use of  parachutes 
was prohibited. The overall volume of  the container was 
limited to ten liters. Finally, the container had to contain six 
vaccines with specific dimensions.  

These constraints generated functional requirements on 
their own, but the course proceeded to guide us to explore 
other sources of  customer needs. This process was started by 
allowing us to define the customer, client, and end user. We 
were also encouraged to explore the relationship between each 
stakeholder, define the stakeholders, and come up with 
specific survey questions and interviews to produce the best 
set of  customer needs we could generate with given resources. 
In our case, we conducted surveys amongst fellow students, 
and interviewed industry professionals to come up with data 
for our customer needs.  

 

3.2 GENERATING FUNCTIONAL REQUIREMENTS 

The course, after generating customer needs, asks us 
to create the functional requirements of  our design based on 
the customer needs we have created. We enter the mapping 
process and generate a complete list of  functional 
requirements. The specifics of  how to create functional 
requirements are taught in lecture, and are refined by 
communication labs and design labs. We had to analyze each 
customer need and regulation/constraint to generate 
corresponding functional requirements (Table 1). In our case, 
we had three main functional requirements. Our team, had a 
slightly different approach to generating functional 
requirements, as the many of  the regulations and constraints 
given by the project guided the functional requirements of  the 
product. This forced us to create a set of  non-functional 
requirements, generated by surveys and interviews to help us 
design the product.  

 

3.3 GENERATING DESIGN PARAMETERS 

Our team thought that the process of  generating 
design parameters required the most creative thinking, while 
encouraging us to find ways to improve upon existing design. 
This portion of  the course is where the literature search and 
background research helped the most, as we created concepts 
and design solutions for each functional requirement. The 
course required us to create multiple concepts for each 
functional requirement, resulting in a set of  design parameters 
for each functional requirement.  

A selection criteria lecture gave us the tools to come 
up with a selection method for choosing design parameters 
for each functional requirement, resulting in a fully mapped 
list of  design parameters at the end of  this process. In our 
case, we decided to implement the “3c STP 4p 
 framework from Marketing. Using this framework, we 
generated solutions and definitions for the 3c: our company, 
client, and competition, STP: segmentation, targeting, and 
positioning, and 4P: product, placement, promotion, and 
placement. This framework helped us generate specific 

strategies for marketing, based on customer needs, surveys, 
and our product to assist in the selection criteria for our 
design parameters. This process also allowed us to integrate 
“non-functional” requirements into the design process, and 
constant revision of  our strategy allowed us to remap and 
revise the functional requirements and design parameters for 
our final set of  design parameters.  

 
Table 1. Functional Requirements by Stakeholder 

 

 
 

3.4 GENERATING PROCESS VARIABLES 

The revised mapping between the functional 
requirements to the design parameters coupled with the 
revision of  the customer needs based on our marketing 
strategy generated new process variables for our design. In 
this process we considered manufacturing and logistics, using 
design aids such as finite element analysis to come up with 
specific methods on how to create each subsystem of  our 
product. Great assistance was needed from our project 
advisor for technical assistance on the mechanics of  our 
design, and although the course only required literature search 
during the earlier parts of  the course, continued research and 
benchmarking was required for us to gather knowledge on 
how to create feasible process variables.  

 

3.5 DESIGN AIDS 

In order to generate the most practical design without 
compromising creativity, the students were encouraged to 
implement a broad spectrum of  tools to assist in the process 
of  Axiomatic Design during the course. The course not only 
required us to use this process of  design to create a product 
or service, but it also was asking us to manage the team, while 
managing other coursework and activities. There were group 
meetings outside of  class, and design challenges that were 
difficult to solve as freshmen, requiring knowledge and 
assistance from other disciplines as well. In our case, our team 
experienced immense schedule conflicts and difficulties in 
identifying variables that would ameliorate our design. This is 
why we implemented a strategic framework from other 
disciplines. The aforementioned strategic framework from 
marketing was used to generate non functional requirements 
for a more comprehensive customer need matrix, while we 
researched project management disciplines to help us manage 
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conflict and the project as a whole. The act of  participating in 
the class was a project in itself, and we applied knowledge 
from the study of  project management to help us complete 
tasks on time with maximum possible quality. There were also 
problems in the physics and mechanics of  our design as we 
felt that simple physics equations that we were limited to 
because of  our limited knowledge would not be able to solve 
every variable. This is why our team also decided to learn how 
to operate 3D prototyping software and Finite Element 
Analysis tools to use as preliminary design aids to create more 
specific and practical design parameters and thus process 
variables.   
 

4 RESULTS 

4.1 DELIVERABLES 

0415593274There were three major deliverables for 
the course. The first was the mid-term design review. This was 
a chance for the students to present their designs to the 
lecturers of  the course and receive feedback and advice on 
how to improve the design and design process. The second 
was the end of  the semester design poster fair. This was a 
chance for the students to get together and view all the 
projects of  the students. It was also an opportunity to be 
evaluated by the communication lab advisors and lecturers on 
the quality of  the end product or service and posters that 
explained the project of  the team. The last major deliverable 
was the final paper which was a comprehensive report on the 
semesters work including the final design and each step that 
led up to the final design. Other minor deliverables included 
homework issued by both the project advisor and lecturers, 
and deliverables defined by the students themselves such as 
reports and notes used to communicate amongst each other. 
For example, our team generated reports for chemical 
experiments, finite element analysis results, and marketing 
strategy reports amongst the team members to inform each 
other of  the improvements and findings found in each section 
before integrating the results into our design.  

 

4.2 DESIGN RESULTS 

Our final design based on the customer needs and 
functional requirements was a vaccine delivery system that 
used an airbag system to reduce impact from the air drop. An 
ABS plastic, injection molded casing was used to shield the 
vaccines from heat. A temperature management system used 
an endothermic chemical reaction of  ammonium nitrate and 
water to keep the vaccines cool. A signaling system using 
smoke generated by a combustion reaction of  a potassium 
nitrate based fuel was used, and a corresponding prototype 
was created through the use of  carbon composites and 
materials budgeted by the course. Our end product also 
provided a marketing strategy that was coupled to the product 
to maximize the distribution of  the vaccine container, while 
also containing a sample case study on how the logistics of  
the distribution of  the vaccine container would be carried out. 
In addition, the manufacturing of  the vaccine container was 
designed in a mock up fashion to see if  the manufacturing of  
the product would be possible, and also to find out how much 
it would cost to manufacture the product at certain volumes. 

These specific solutions were generated by the design process 
and the final results were submitted to the lecturers for final 
grading.  

 

 
 

Figure 1. Final Poster for Vaccine Container Design 
Project 

 

5 DISCUSSION 

5.1 IMPACT OF ED100 ON FRESHMEN AT KAIST 

Although we can offer only limited perspective as 
freshmen ourselves, we believe we may be able to offer some 
insight into the impact that this course had on the students in 
general at KAIST. Generally, the students at KAIST are 
considered to be highly competitive, motivated students, but 
there are also other characteristics of  the students because 
they have adhered to the standard curriculum offered in South 
Korea. Although very strong in theory, the standardized 
curriculum somewhat molds the students into not being able 
to reach their full potential in terms of  their ability to use 
creativity and problem solving skills. The analytical skills of  
the students here are sometimes limited because they have not 
yet had a chance to explore that portion of  their academic 
ability. ED100 was generally considered a tough but fun 
course by the students, tough because it required them to deal 
with constraints and a design process that generated 
something real, and tangible. In order to successfully complete 
the steps of  the design process, the students were pushed to 
consider as many variables of  the design as they could, and 
pushed their creativity to a new level. The homework 
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mentality was broken, and rather than considering the tasks as 
a simple assignment, the students generally tried their best to 
create something to the best of  their ability.  

The students generally react to courses considering 
cost to credit/grade ratio, despite the course ED100 being 
another three credit course, students spent immense amounts 
of  time and thought independently in order to improve upon 
their design, exploring possible applications of  their design, 
and also exploring other possible applications of  the design 
process. Even jokingly the students would bring up concepts 
from the lecture during casual conversation, indicating that the 
concepts and theory taught in during the course were deeply 
penetrating.  

The competition, although subtle, was also a large 
factor in motivating the students to strive for excellence. 
Considering the grade/credit to time invested ratio, grades 
were not the cause for competition, especially because the 
projects were not graded on a curve. We were able to identify 
three major sources that created competition. The first was 
the potential recognition and award, highlighted by an award 
ceremony at the end of  the semester. The second source was 
competition amongst the students across different projects, all 
striving to generate the best possible designs for each project. 
However, the strongest competition was between the teams 
that dealt with the same projects. This friendly, but fierce, 
competition motivated the students to come up with better 
and more creative solutions than the other teams, creating 
different types of  satisfaction in the involvement of  the 
course.  

 

5.2 ACADEMIA VERSUS INDUSTRY 

 Dealing with the industry proven design process of  
Axiomatic Design also had its merits of  being applicable in 
the real world. Our experience with our education so far 
proved that the theory and material we experience in the 
classroom often is limited to theory itself. We usually do not 
deal with real constraints and limitations, and often 
benchmarking upon other’s ideas is frowned upon. However, 
ED100 offered the students a chance to decide between 
improving upon existing ideas and creating something 
completely new. The design objective and selection criteria 
although self  generated allowed the students to make 
decisions that produced maximum results, not maximum 
points. Although ED100 is an introductory course for 
freshmen, and consequently is not as in depth as it could be, it 
gives the student a comprehensive perspective on what it takes 
to create and design in the real world. It teaches us that simply 
generating random ideas that seem to be creative is not 
enough. We see the matrices and mapping generate real 
solutions for real constraints and needs, and the end product 
is evidence that the process works. This assurance motivates 
the students. This would have been best witnessed at the 
poster fair, where prototypes of  the design were displayed, 
and refined concepts and ideas created a plethora of  fantastic 
design solutions for existing problems. The real difference can 
be seen through the difference in what the students were 
doing in high school versus what they had created for this 
course. Although none of  the students had taken any major 

courses at KAIST, and general education was what the 
students were limited to, the quality of  the ideas that were 
generated cannot be compared to what the students were 
generating in high school. 
 

5.3 LEADERSHIP 

 Another key merit of  this course is the lessons it 
implicitly teaches in leadership. With most students holding a 
more than average workload with other classes, schedule 
conflicts and team management issues arise inevitably. 
Conflicts come in different forms, and conflict mediation and 
leadership is required by all the students to successfully 
complete the project. In addition, the workload of  the course 
is designed so that not one but all students’ participation is 
required for the completion of  tasks, and higher levels of  
quality. In order to motivate everyone to participate, it is often 
required that all students demonstrate some sort of  leadership. 
Whether this type of  leadership involves serving other 
students by assisting, or managing the group schedule, or 
giving motivation to each other, each student has a chance to 
develop their leadership skills. Personally, our group had issues 
with the work load being concentrated on only one or two 
students the earlier part of  the semester, and because the 
course load required all of  us to work together, compromise 
and teamwork, but most importantly leadership was created 
out of  the project.  
 

5.4 TEAMWORK 

Most students, entering college have limited experience 
in participating in-group projects. It is often not required for 
the students especially in South Korea to involve themselves 
heavily in-group activities. Because of  this ED100 offers 
students a chance to work in a team environment with a 
common goal. However, the unique characteristic about 
ED100 is that it does not allow the students to split the work 
load and work independently. It requires the students to work 
together. Our advising professor Jung Kim repeatedly 
informed us that collaboration and harmony would be 
required for the success of  the project rather than equal 
distribution and specialization of  the tasks. This was definitely 
true, and in the context of  our education and the years to 
come in the academic setting, but most importantly industry 
settings, this type of  teamwork and leadership is especially 
more valuable because it is encouraged early on.  

 

5.5 BROADENED SCOPE OF STUDENTS 

The greatest advantage in our opinion in terms of  the 
implementation of  this course at KAIST was that the students 
gain a wider perspective on their academic careers. This is 
mainly because they see the application portion of  theory, the 
need for other disciplines and most importantly the difficulties 
of  managing a project. They experience the need for careful 
planning, quality, and the necessity of  good advice and 
guidance. Moreover the experience also helps the students 
experience portions of  multiple disciplines that will help them 
make decisions on what they want to do with their academic 
careers. Our overall opinion of  this course is that it is 
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imperative for students to experience the Axiomatic Design 
process during the earliest part of  their academic careers for 
maximum yield and efficiency of  the students’ careers 
 

5.6 LIMITATIONS  

ED100 despite its merits also has its limitations. Often 
times the students feel that the workload is sometimes too 
high, mostly because the students often feel the need to spend 
excess time on tasks given by ED100 project advisors and 
lecturers. There are also limitations in that the students are 
unable to pursue deeper levels of  understanding concerning 
axiomatic design and its applications because industry based 
examples are often too complex and difficult to understand at 
a freshmen level. Further instruction is needed to go deeper 
into learning, and because of  this, application to other 
projects and areas of  study for the student is limited to the 
content offered by the course. Moreover, students who wish 
to pursue patents and further development of  their design are 
halted by the vacation at the end of  the semester, and we feel 
that many ideas that should be made into patents and further 
developed are lost without proper attention.  
 

6. CONCLUSIONS 

ED100 at KAIST was a defining moment in our 
academic careers, and will govern the way we perceive and 
analyze in our respective fields. It has been an excellent 

experience for all of  us freshmen, not only due to the 
coursework and activities distributed by the course, but also 
because of  the entailing culture and interaction between the 
students that is created outside of  the classroom. Although 
classes in the future may offer similar experiences, as 
freshmen it is a unique opportunity to experience such a class.  

 
 

7. FURTHER RECOMMENDATIONS 

Our recommendations for the improvement of  this course 
and the application of  Axiomatic Design is to offer classes 
that follow a class like ED100, that allow specialization and 
deeper development of  the products and services created in 
the classroom.  
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ABSTRACT 

This paper presents our design for a user interface 
for mobile phone applications that enable location-based real-
time transportation information such as bus routes and 
schedules. We solve three important user interface issues--
inefficient structure, limited information, unsatisfactory 
visualization. Our program provides shortcuts to help switch 
to other parts easily. We change the display method from table 
view to graphical view. In addition, our program provides 
detailed information such as the number of  transfers and 
location of  bus stops. 

Keywords: User Interface, Bus routing, Location based, 
Axiomatic Design 

1 INTRODUCTION 

Every morning, the bus station is crowded with 
many people waiting for a bus that arrives at the station on an 
irregular schedule. They may end up being late for work 
because of  a late bus. They want to know when the bus 
arrives so that they can manage their time efficiently. There 
are several mobile phone applications to help the users by 
searching for real-time bus information. These applications 
help relieve some discomfort by providing information. 
However, these existing applications are still inconvenient in 
their user interface (UI). For example, information is 
presented in text format which is not an efficient or effective 
way to organize information because the user cannot easily 
compare information. Furthermore, visual information such 
as the bus’s current location is not accessible when 
information is provided as text. Also, the current solutions 
have a complex underlying structure which results in a UI that 
does not allow easy switching among different viewing modes. 
To tackle these problems, we used the axiomatic design theory 
to formalize the user needs and functional requirements and 
designed an improved user interface with design parameters 
that satisfy the requirements. 

Our clients are government agencies that promote 
public work for improving the public transportation programs 
and transportation infrastructures (for example, Kyung-ki 

province and Seoul). Our final users are citizens who use both 
mobile phones and public transportation.  

In Section 2, we will start by looking at some existing 
applications and their merits and shortcomings. Then, we will 
present the results of  our customer research. Section 3 
presents the process of  taking customer needs and coming up 
with alternative design concepts, defining functional 
requirements based on customer needs and design parameters 
to satisfy the FRs. We then describe our design testing which 
led to our final design. We conclude with a remark on our 
design significance and directions for future work. 

2 BACKGROUND RESEARCH 

2.1 PRIOR ART 

 
We have studied two existing bus route information 

services for mobile phones in Korea. One is by a mobile 
phone content delivery service called “Oz”, and the other is 
by a regional government service in the Kyung-ki province.  

In both systems, users can search information by using 
three criteria (route number, bus stop number, and bus stop 
name). Users can input a bus number, bus stop number or 
name of  bus stop to get the buses’ current location or number. 
Also, in case of  Kyung-ki province’s system, users can search 
for a specific location, and the application shows buses that go 
through that location. It displays information by using text. 
The Oz phone uses different fonts to emphasize the current 
bus location. 

The Oz phone consists of  two parts, a main menu and a 
bus route view. This program has just these two parts so it is 
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quite easy to move to the other part by the “back” button. On 
the other hand, in the Kyung-ki province’s system the user 
needs to perform several clicks to approach the information, 
but it provides only the “back” button, so it is difficult to 
move from the first screen to the last one. The final 
information the user gets are bus location, bus stop and bus 
route. The Oz phone provides time interval between several 
buses, and the Kyung-ki province’s system gives information 
about subway stations near the bus stop. 

2.2 RESULTS OF CUSTOMER SURVEYS   

To find out how the users feel about a location-based 
mobile bus information application, we conducted a user 
study with two questions. The first question aims to find the 
important factors in such an application. The question was "If  
you search bus route or arriving time with mobile Internet 
service, which factor do you think is most important?"  53 
percent of  respondents answered that quickness of  search is 
the most important factor, followed by easy to compare (47%), 
and graphical view (11%). The second question aims to find 
shortcomings in the existing systems. Since most people are 
not familiar with either of  the two systems, we want to find 
why they rarely use such a system. Many people (over 50%) 
answered that they do not know the existence of  it. From this 
question, we cannot find a meaningful answer, but we confirm 
that the current bus information systems are still in infancy, so 
at the least, they need more publicity. We inferred several 
factors behind these results. We concluded that the expensive 
price of  mobile internet service, ineffective visualization, and 
errors in information are major factors of  lack of  use. 
Detailed procedure and result of  survey are in Appendix A. 

2.3  FINAL CUSTOMER NEEDS 

From the customer survey and discussion to find out 
hidden needs, we identified five customer needs – quick 
search, graphical view, accuracy, simplicity to switch view to 
compare information of  more than one bus, more detailed 
information. We take first CN as quick search because most 
people (53%) answered that speed is most important factor 
when we search information. Most users of  existing 
applications struggle with text-based information that is not 
presented well, so it is hard to see. Many people (33%) 
answered that they want to see a graphical view that is more 
convenient to get information at one glance. Although an 
unexpected situation may occur such as traffic jam and 
construction, the user needs to know precise prediction as 
much as possible. So, accuracy was selected as a third CN. 
Users of  existing program reported that the system provides 
information of  only one bus so it is difficult to compare with 
other buses. Therefore, users need a system that enables easy 
comparison of  information about several buses. Lastly, users 
want to know more detailed information such as number of  
times to transfer and locations of  bus stops. 

3 APPLYING AXIOMATIC DESIGN AND 

DEVELOPMENT OF OPTIMUM CELL PHONE 

INTERFACE FOR BUS ROUTING 

3.1 ALTERNATIVE DESIGN CONCEPTS 

Our concepts are mainly classified by the visualization of  the 
information, and the differences in visualization lead to 

differences in processing rate and usability. The strategy of  
the first concept is fast and simple. This concept consists of  
only two levels – a main menu and a results view. In the main 
menu, it provides only one searching bar for inputting the 
arriving point. It sets the starting point as the current location 
of  the user automatically. The result view shows the 
information as a table. The strategy of  the second concept is 
improving the graphical view and the way to provide 
information efficiently. In the main menu of  this concept, a 
text box for inputting the starting point is added to give the 
user a choice to start the search from a location different from 
the current user location. In the results view, we visualize 
information in two ways – a graphical view and a table view. 
The strategy of  the last concept is to show specific 
information as much as possible. This is concept designed to 
meet the customer needs of  accuracy and more detailed 
information. The third concept provides information as a 
map to give more detailed information. Other parts are same 
as the other concepts. 

3.2 EVALUATE CONCEPTS 

We evaluate concepts by three main measures – 
usability, visualization, and easy to implement. Usability means 
that program should be comfortable to the user. This category 
is separated by five factors to achieve usable program - Fast 
search, Easy to convert, Easy to compare among buses, 
loading rate. In fast search category, we evaluate how fast user 
can get wanted result. Easy to compare category is related 
with showing method such as table, graphical views and map. 
Loading rate is related with application’s processing rate. 
Processing rate is relevant with amount of  information. More 
complicate showing method like maps needs more 
information, however, less complicate method like text needs 
less. Last category, Wide range of  option means if  users use 
graphical views or maps, their options are added. 

In the visualization category, we measure how 
emphasize on visualization in the program. Last category is 
easy to implement.  

We evaluate our concepts by weighted decision 
matrix with above selection criteria. According to this method, 
concept 2 got the highest score so we chose concept 2 for our 
final concept. After this process, we develop only concept2 
and do not use any method suggested in other concepts 
because our project is about program. Program does not need 
alternative solutions but it needs only optimized flow.  

Table 1 Weighted decision matrix 

 
 
Weight is decided based on customer survey and our 

discussion about important factor of  our program. We give 
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more points on the factor which is necessarily improved to 
solve problem of  UI of  existing program. 
 We thought that most important factor to be 
improved is comparison between buses. This is not 
convenient in existing program. And the factor which has 
most biggest weight except ‘Easy to compare among buses’ is 
Loading rate and Fast search. These are the most important 
factor which user thinks when they use searching program. 
These factors have parallel meaning, so we give same weight 
on it. Next highest one is visualization. Since this factor lacks 
in the existing program, provided information is inevitably 
limited. So, this factor is necessary to provide more 
information such as location of  bus stop. And the last one is 
easy to implement and wide range of  option. These factors 
have no difference among three concepts and not the 
important factor. Some of  reader would pointed out that 
implementation easily is most important but our program is 
vey technically achievable as I mentioned in our design 
significance section. So, we do not need to care too much on 
this factor. 

3.3 DESIGN DEVELOPMENT 

3.3.1 FUNCTIONAL REQUIREMENTS AND DESIGN 

PARAMETERS 

FR 1 and its sub-FRs satisfy fast search customer 
needs, simplification of  screen expression and readily 
conversion in application promotes fast searching. The 
method to read and load information meets the requirements 
for fast searching and being informed accurate and detailed 
bus information. These requirements fit for FR2. Besides, 
FR3 is requirements for efficiently displaying information. We 
decide categories in FR3 to satisfy customer needs, graphical 
views and easily comparison with information. In these 
categories, there are standard screen showing and details. 
There exists several showing methods for priority order of  
buses, simple graphical views, sort of  bus, way to convert bus 
route and fare. Structure for DPs is the same with that for 
FRs. Following table is full decomposed functional 
requirements and corresponding design parameters 

 

Table 2 Functional Requirements and Design 
Parameters 

 

3.3.2 DESIGN MATRIX 

Most FR/DP pairs have no relationship. However, 
there are some FRs which has relationship with corresponding 
DPs, such as relationship with FR1/DP1 or FR31/DP31 or 
R2212/DP2212. (i.e. Our matrix is decoupled) In addition, 
there exist couplings with not corresponding FR/DP pairs. 
We revised FR/ DPs to reduce couplings with not 
corresponding FR/DP pairs. Figure 2 shows our final fully 
composed FR/DPs matrix. There still exist several couplings. 
FR321 and FR322 have couplings with DP21, DP211 and 
DP212 because it needs GPS system for searching locations 
of  bus stop or ways to get bus stop. FR111 has couplings with 
DP22 DP221, DP2211 and DP2212 because these DP need 
to set and narrow range of  domain that program reads.  
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3.3.3 DESIGN TESTING 

 After determining the concept for the final design, 
we tested the design twice. The first test was to find out 
defects in our program and discover functions which potential 
users want to add. The second test aims to confirm whether 
our final design is useful to users. Our chosen concept is 
revised based on the first design testing. Below paragraph, 
there are detailed explanations about design testing 

3.3.3.1 FIRST TESTING 

First testing is done by eight chosen potential users. 
We explained our concept in detail with prototype. We asked 
them some question. Prepared questions are not specific but 
just narrow the field. We write down what they said and 
analysis answers to revise chosen concept. Prepared questions 
are followed. 

1) Detail function 
2) Efficiency (structure, usability) 
3) Will you use this program frequently? 
4) What function do you want to add? 
5) If  you do not satisfy with our chosen concept, 
please tell me why you do not like this. 

 

 
Figure 4 Prototype used in first testing 

 
 According to above procedure, we get result of first 
testing. People do not mention about detail function. All of 
them answered that they are satisfied with our detailed 
function. 

 In the second category, efficiency, we can 
summarize answers in two points. First opinion is that the 
program has simple and effective structures, it can be used at 
first and it will be comfortable. The other one is that some 
users think about fast proceeding program, they think that it is 

waste to express previously passed buses on graphical view or 
map.  

Four groups can summarize answers of the third. 
The third question was “Will you use this program fre-
quently?” 1st group answered that seldom take buses (1 time 
per month); 2nd group answered that they take bus but take 
subway more (1 time per week); 3rd group said that moderate 
(2~3 times per week); 4th group said that they take bus 
frequently (4~5 times per week). 

The fourth question was “What function do you want 
to add?” The answers of interviewees can be summarized in 
five points. They suggested that we need to improve the 
function of considering specific bus stop and exact destination 
so that let users know what bus stop nearby their destination. 
They also said that users want to know the moment when bus 
arrive user’s destination by function of alarm. Third 
suggestion was our concept need to be improved in refresh 
function. Specifically, we’d better add the function which 
indicates fastest bus as a first choice to user. The next 
suggestion was setting range of domain by setting menu is 
annoying work. Thus, they recommend that the mechanism to 
change the range of domain has to be changed. Last opinion 
was related to discomfort caused by small size of screen. They 
pointed out that our information is too many to show in one 
screen. Some of them urge to simplify information and show 
information through more organized display method. 
  The last question was “If you do not satisfy with our 
chosen concept, please tell me why you do not like this.” 
Interviewees give us meaningful recommendation. They said 
that the concept using map is interesting at first, but they 
won’t use map contents to get information. The reason is that 
switching among two display methods is annoying to users. 
They also said that table is more useful method than map. 
Except one thing as I stated above, interviewees are satisfied 
with our chosen concept. They comment on chosen concept 
that overall structure is simple and not complicate to use and 
showing location of both bus and user is efficient function. 

3.3.3.2 SECOND TESTING 

The second test aims to confirm whether potential 
user likes it or not. We show revised simulation made by 
powerpoint to people (20 people), and ask their thought about 
our solution. 

 

  
Figure 5 Prototype used in second test 

 
 We asked them three questions. The first question 
was “Will you use our program?” This question aims to find 

Figure 3 Design matrix 
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out the amount of  potential user. Ninety percent of  them 
answered that they’ll use our program. Second question was 
“If  you check no, why?” This question aims to confirm what 
the discomfort of  our concept is. Seventy nine percent of  
them pointed out the expensive internet fee. Remaining 
person answered that they rarely take bus and they satisfied 
with existing program (8% and 13% respectively) Last 
question was “How do you think about our program.” More 
than half  answered quiet good or good (60% and 27% 
respectively)  
 We can get meaningful answers not only one from 
above questions but also one from their own opinion. 
Following paragraph is our analysis of  interviewees’ opinion. 

Most people are satisfied with our program and they 
want to use this program soon, but they said that they will not 
use this program when they should pay for it. Because, there 
already exists bus searching program which is free. Although 
existing program has several uncomfortable UI, they’ll chose 
existing one when we ask them to pay for using our program. 
Also, they answered high Internet service fee is burdensome. 
In conclusion, whether using our program or not is depend 
on fare to use our program. 
 

3.4 DETAILED EXPLANATION OF FINAL DESIGN  

Main Screen 

Our program aims to find the appropriate bus to get to a 
destination from a specific point. Therefore, it needs two 
points – starting point, arriving point. We can input station 
number or can search for station name. It provides search 
bars to get information of  the starting point and arriving 
point. If  user does not input starting point, program 
automatically sets the starting point by reading user’s location 
using GPS(Global positioning system). Our program provides 
a function of  automatically complete system that remaining 
words to reduce number of  typing. In addition, our program 
provides a list of  recent place we’ve searched before so that 
users just need to click the button. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graphical view – showing location of bus stop  

 
This screen shows up right after click the destination. In 

this screen, user can see simplified map, location of  user (or 
starting point) and several bus stops near the starting point. 
The number in the box pointing bus station means total time 
needed to go to destination. So user can determine profitable 

station. If  we press menu button, we can choose station for 
collecting information. If  we need information of  both 
stations, we can click both.  

Red circle around the bus stop icon shows range of  bus 
stop. If  user doesn’t click for the bus station and goes into the 
region of  the bus stop, the screen switch to next one which 
shows detailed information about bus at that station. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Screen for comparison.  

After the station(s) is(are) decided, this screen appears.  If  
user select specific bus stop in this screen, user can get 
information about buses which pass through the bus stop 
which user selected. If  user select bus station A and B, then 
information about buses of  both stations appear in one 
screen.  
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Screen to show information about bus 

Our program provides information as table to make user 
compare the information easily among several buses’. It shows 
bus number, needed time for waiting, needed time to arrive at 
destination, total needed time (sum of  needed time for waiting 
and time to arrive at destination), information about transfer 
and fare. The fastest bus is expressed by colored boundary 
(waiting time – green, going time – red, total time - yellow). 
Icons on the left to the bus number mean that user needs to 
transfer. 
 
 
 
 
 

Figure 6 Main Screen 

Figure 8 Screen for comparison 
among information buses’ which 

pass through each bus station 

Figure 7 Graphical view to show 
location of  bus stop 
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Transfer Information 

 If  user presses the transfer icon, other screen appears to 
show more detailed information about transfer. It shows the 
place you transfer and detail wasting time. You can also get 
the information about the way you go from transfer place to 
destination as a graphical view.  

 

 
 
 
 
Shortcuts 

Below the screen, there are two buttons – back, and 
menu. By pressing menu button, user can reach to other 
information easily. If  user clicks the button ‘refresh’, he or she 
can get more precise information. In case of  button ‘convert 

to other graphical view!, you can search for other station. You 
can also search for other root by click the button ‘main page’. 
These two buttons helps to reduce number of  times to click.  
 

4 DESIGN SIGNIFICANCE  

Our final solution is distinguished from existing 
solutions in three points. Firstly, our program fully utilizes the 
GPS system to provide a location-based personalized service, 
whereas, in the existing systems, GPS was used merely to 
confirm location of  each bus. In our design, the system 
utilizes GPS information not only to confirm location of  
buses, but to get the current location of  the user. Hence, our 
program achieves a UI that is more convenient and familiar to 
the user. For instance, our program has the ability to 
automatically set the starting point of  the trip by recognizing 
the current location of  the user and to show appropriate bus 

stops nearby. Secondly, our program shows information more 
conveniently to the user. Since our program provides 
information in a table view, the user can easily see a 
comparison of  information about several buses in one screen, 
a feature that is non-existent in the current systems. Therefore, 
our program reduces the time required to search and compare 
information. Lastly, our solution has a simple structure and 
shortcuts such that the user can switch to other parts and 
views of  the system easily. Existing systems have complicated 
structures but sonly provide the ‘back button’ to move to 
other parts. Hence, the user of  has to perform several clicks 
to navigate through the system. In contrast, the user can use 
our system and switch to any part of  the application in two 
clicks – press menu button and select where you want to go.  

The essential technologies underlying our system are 
already being used in mobile phones. GPS system is already 
used in existing solution. Remaining technologies such as 
showing information in a table and providing shortcuts is only 
a matter of  design, which was our original problem. Therefore, 
our solution is very technically achievable. Also, we have just 
few economic difficulties when we are in the developing stage. 
GPS system which is necessary to our program is already 
settled and our client, government agency can afford to 
support any work what we do. However, high Internet service 
fee is burdensome so that some of  users may avoid using our 
program. Furthermore, it costs much money to revise and 
give out again to upgrade.  

5 FUTURE WORK 

Our ultimate purpose is comparing bus routes and 
choosing the best appropriate way to user. At the beginning, 
we had plan comparing transportation not only bus, but taxi 
and subway, so on. Then user could compare more 
information which user needs and choose the best way. 
However the large amount of  data causes we had to cut down 
our prior purpose.  

If  we can get one more opportunity and much more 
time, we would try combine more transportations to search 
the best way to go destination.  
 

6 CONCLUSION 

Our design product is improved in functional and 
graphical ways compared with existing applications. We also 
add several functions such as recent, shortcuts, automatically 
complete to meet with customer needs. We expect that our 
program contribute to revitalize public transportation. One of  
the reasons why many people do not use public transportation 
is due to long waiting time and uncertainty for bus coming. 
Since our program has better UI than existing solution, the 
number of  user will be increase so that the public 
transportation will be widely and commonly used. 
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ABSTRACT 

Without a doubt, a hospital’s Emergency Department 
(ED) is a complex system. The operations of  an ED are 
complicated by a mix of  Technology (testing equipment, 
electronic medical record, computer services, treatment 
devices, etc.), human issues (staff  needs and interactions, 
patient needs and interaction, and interactions between staff  
and patients), politics (issues of  health insurance, laws 
governing health treatment, privacy issues, hospital 
management, etc.), and many more factors. This complexity 
not only makes ED operations difficult, but also 
communicating an issue both inside and outside of  the ED 
can become difficult without a common understanding of  the 
forces at work.  

This paper uses the Emergency Department Design 
Decomposition (ED3), an Axiomatic Design of  an 
Emergency Department, to identify, understand, and 
communicate problems in an ED. We begin by summarizing 
the ED3. Then the ED3 is used to identify the inherent 
functional couplings in the design of  an ED system. Next we 
analyze the couplings and judge how the complications the 
couplings suggest are equivalent to our findings in a case 
study performed at a suburban community hospital in 
Massachusetts.  

Although the problems that are identified are known to a 
certain degree by practitioners, by mapping the issue to 
specific functional requirements and design parameters the 
problems can be better understood and communicated. This 
will lead to accurate assessment and understanding of  the real 
systematic problems, rather than studying problems that may 
merely be side effects of  the true issue. By using the ED3 to 
identify current problems, potential is shown for further use 
of  the ED3 for discovering more subtle less well-known 
couplings. This lays a base for practitioners and researchers to 
sustainably improve EDs in the future.  

Keywords: Health Care, Functional Couplings, Emergency 
Department, Axiomatic Design Decomposition, Complexity 

1 INTRODUCTION 

Today’s emergency departments (EDs) in the United 
States carry significant responsibilities in the world’s 
healthcare system. In addition to providing medical care to the 
patients whose illnesses or injuries demand immediate 
attention, it has become a major resource to provide medical 
care to the uninsured. Increasing numbers of  patients are 
showing up at EDs since they can not, or do not want to, wait 
until the next available appointment with their physician. EDs 
are also required to play a key role in disaster preparation and 
responses.  

Unfortunately, this growing demand for ED care is not 
supported by appropriate increases in ED capacity. It has been 
well documented that there is a growing imbalance between 
the demand-supply for emergency care system. While ED 
visits have been growing rapidly, by more than 10% during the 
last decade, the number of  EDs has decreased by almost 10% 
during the same period [IOM, 2006]. One of  the 
consequences of  this demand-supply imbalance is, naturally, 
overcrowding [Asplin, et al., 2003]. When an ED is 
overwhelmed, ambulances are diverted away, patients wait for 
long hours, and ED staff  is under constant stress while 
struggling to move patients in and out of  the ED [Olshaker 
and Rathlev, 2006]. These pressures lead to a decrease in 
patient satisfaction and quality of  care.  

Because of  challenges such as ED overcrowding, many 
medical professionals are turning to systems scientists and 
complex system designers in order to find robust solutions. 
This paper seeks to employ Axiomtic Design (AD) [Suh, 
2001] in order to analyze an ED and find design couplings 
that contribute to ED operational difficulties and crowding.  

There can be no question that the operation of  an 
Emergency Department (ED) has many complexities. There 
are many different technologies being used, employees with 
different skills performing processes, government regulations, 
interaction with suppliers, patients, the rest of  the hospital, 
Emergency Medical Services, health insurance, etc. All of  
these different entities are involved with the operation of  the 
ED, making the ED a complex system.  
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With the understanding that the ED is a complex system 
that is working towards specific goals, it is necessary to 
understand those goals clearly on all levels in order to 
properly analyze and re-design the system. This is a strong 
case for applying AD. 

Since an ED is so complex, it has a great deal of  
Functional Requirements (FR) on many levels. In normal 
practice, the more FRs there are, the more difficult it can be 
to satisfy the highest level requirements. AD simplifies how 
the system is viewed which allows the proper decisions to be 
made at all levels, resulting in an efficient design. In the 
following sections a functional decomposition of  the ED is 
created, then, using AD tools, conclusions about the ED and 
potential areas for improvement are identified.  

2 THE EMERGENCY DEPARTMENT DESIGN 

DECOMPOSITION (ED
3
) 

The creation of  a detailed design decomposition 
requires a strong working knowledge of  the system. One must 
be familiar with the system at all levels in order to accurately 
identify the functional requirements at these levels. In order to 
achieve this working knowledge, researches from the Park 
Center for Complex Systems (PCCS) partnered with a 
suburban community hospital in the greater Boston area.  

Through this connection, researchers spent time in the 
hospital ED observing the activities. Conversations were held 
with staff  in order to ask them about their duties, their views 
of  the ED and the processes that are regularly performed. 
There were also weekly scheduled meetings with ED 
management in order to discuss observations and ED official 
policy. Meetings were also held with nurses, physicians, and 
higher level hospital management. The result of  all of  these 
meetings and observation was an ability to create The 
Emergency Department Design Decomposition (ED3), an 
AD decomposition of  the ED System. [Kolb, 2007, Peck, 
2008] 

While building the ED3, and generally when using AD, it 
is important to ensure that functions are stated in a ‘solution 
neutral’ fashion. Being solution neutral means that the 
objectives are clearly separated from the means of  achieving 
them, in other words, the observed DPs do not define the FR. 
When analyzing a system by observing its current operations, 
it is easy to be biased by current design decisions. When 
making design decompositions a designer must be aware of  
the biased tendency and be careful to choose FRs based on 
what the system MUST achieve rather than what it IS 
achieving. If  one is considering current operations when 
defining FRs, it is common to make compromises in the 
design to fit the bias based on observed solutions rather than 
searching for alternative solutions. In the ED3, we force 
ourselves to overcome the biases caused by immersing 
ourselves in the system, by making sure our observations were 
focused on understanding why tasks are done, rather than 
what tasks are done.  

As discussed earlier, using AD we start out with the 
high-level FRs of  the system. These FRs tend to be fairly 
abstract. Then each FR is broken down into sub-FRs which 
have clearer meanings. Like the high level FRs, high level DPs 
are also abstract and broadly stated. Then as we get to lower 
levels the DPs become more tangible, and may be more 

readily recognizable as the observable activities and protocols 
being performed in the ED. If  this decomposition were taken 
to the greatest detail possible, every single required action or 
process that is performed in the ED would be taken into 
account, from a doctor writing a prescription to cleaning staff  
mopping the floors. In order to maintain a high level view of  
the system and make changes that do not necessarily require 
clinical expertise, we decided to limit how deep the 
decomposition would go.  

When dealing with complex engineering systems, a 
major problem is that the stakeholders involved with the 
system have different understandings of  the system’s actual 
objectives. By listing the FRs and DPs in a hierarchical 
fashion, low-level activities and decisions are related to high-
level goals and objectives, giving a clear perspective. Figure 1 
illustrates the decomposition process with the first two levels 
of  decomposition from the ED3.  
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Figure 1: Decomposition structure of  ED3 

 
Having a clear, visible reference to the system’s objectives 

and functions facilitates communication among the 
stakeholders. Since the ED3 clearly states objectives separate 
from the means and relates low-level activities and decisions 
to high-level goals it contributes to better communication and 
helps create mutual understanding and support from various 
stakeholders.  

The ED3 is a first attempt at decomposing the ED 
system and lists about 200 functional requirements. Figure 2 is 
a high level view of  the ED3. As can be seen from the figure 
the ED3 has five top level requirements: quality, satisfaction, 
safety, access, and growth. Under each of  these top level FRs 
are many more detailed levels of  FR decomposition. Like 
many other design decompositions, the ED3 is intended to be 
a living document that will evolve with future studies and new 
understandings.  
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Figure 2: Emergency Department Design 

Decomposition (ED3) 

3 USING THE ED
3 
TO IDENTIFY FUNCTIONAL 

COUPLINGS 

The ED3 can be used to capture the interrelationships 
among the different elements of  a system. As is called for by 
AD, for every FR, there is a matching DP to satisfy it. 
However, a DP may have unintended affects on other 
functions of  the ED. For example, FR2.1.1 calls for 
competitive salaries and compensation for workers as part of  
maintaining internal satisfaction. DP2.1.1 is to pay based on 
education and workload. A manager would like to accurately 
compensate staff  in order to keep them satisfied, but high 
compensation can strain the budget, hindering other functions 
in the ED. These unintended effects, due to a coupled design 
as described earlier, often make it difficult to satisfy all of  the 
objectives of  the system and are clear targets for re-design 
focus.  

In order to bring out the couplings in the ED3, the 
decomposition was entered into a program used for AD called 
Acclaro® which was developed by Axiomatic Design 
Solutions Inc. This program makes it easy to organize the 
functional decomposition into a matrix form (Figure 3).  

 

 
Figure 3: Matrix representation of  the interrelationships 
between design parameters and functional requirements 

of  the ED3. 

As seen in the above figure, the program creates a matrix 
with FRs on the vertical axis and DPs on the horizontal axis. 
Where an FR meets a DP there is a box that can have the 
value of  ‘0’, which means there is no relationship between the 
FR and DP, or ‘X’, which means there is a relationship. While 
in the matrix form, the user can analyze each FR/DP 
intersection, identify when a DP affects an FR, and denote 
that relationship with an X. Since each DP was created to
satisfy one FR there is a diagonal line of  Xs, if  these were the 
only Xs then the design would be uncoupled. If  the DP of  
one FR is tied to another FR, and the second FR’s DP is tied 
to the original FR, then the pair is considered completely 
coupled and the program highlights the Xs. 

The matrix is an effective view for identifying couplings 
and analyzing how much they will affect the system. However, 
when the matrix representation of the ED3 is completely
expanded, as in Figure 3 it can sometimes be overwhelming to 
pick out specific problems and couplings. Fortunately the 
matrix can be expanded or compressed to allow as much, or 
as little, detail as is desired. Figure 4 is the compressed version 
of  the matrix only showing the highest level FRs and DPs.  
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Figure 4: Compressed matrix representation of  ED3 

 
As can be seen in the above figure, there are many high 

level couplings in the ED3. Anyone who is familiar with the 
complexity of  the ED system will not be surprised by this. 
Identifying all of  the complex interactions and couplings is a 
worthwhile exercise. However, in the interest of  identifying a 
specific problem and then working on it, steps were taken to 
simplify the ED3 even more. Looking at Figure 4 it can be 
seen that FR3, Safety, is not coupled with any other FR, this is 
because safety measures and precautions can generally be 
taken without strongly affecting any of  the other FRs; this 
means that it can be removed from the matrix. The ability to 
make this kind of  a statement stems from a clear definition of  
each FR, any ambiguity allows designers too much room for 
interpretation and would cause couplings that may not exist in 
a clearer design. FR5 is coupled with FR1 because growth in 
terms of  new knowledge and practices does affect quality; 
however it only does so in that it affects future quality as 
opposed to maximizing what currently exists in the ED, so 
since the focus of  this study is to re-design current practices, 
FR5 can be removed from the matrix. This results in the 
simplified compressed matrix seen in Figure 5 below.   
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Figure 5: Simplified, Compressed ED3 Matrix 

 
With the matrix simplified it can once again be expanded, 

however now it will be less difficult to identify problems and 
discuss them in greater detail. The following sections will be 
examples of  design couplings that occur in an ED as 
identified using the ED3. The couplings chosen are on a high 
level and therefore may seem obvious; however they illustrate 
the potential for using the ED3 to identify problems which 
can be adopted on more detailed levels. The examples also 
show usefulness of  the ED3 as a communication device, since 
it clearly identifies problems that are otherwise generally 
understood but not normally, systematically shown.  

 

4 IDENTIFYING THE FUNCTIONAL 

COUPLINGS WITH REAL OBSERVATION 

Having explained how the ED3 was manipulated in order to 
identify the functional couplings in an ED design, these 
couplings can now be expanded and discussed in context with 
real world observations made by the team when visiting a 
local suburban ED and researching ED management.  
 

4.1 FR1.1 VS. FR2.1 – STAFF QUALITY VS. STAFF 

SATISFACTION 

 
Figure 6: Simplified Matrix of  ED3 Expanded one Level 

Showing FR1.1 vs FR2.1 Coupling 
 

Figure 6 shows one specific coupling between quality and 
satisfaction. This is in fact the coupling that was mentioned 
hypothetically earlier, having to do with the cost of  satisfying 
employees. The FRs and DPs that are being analyzed are 
highlighted and the coupling between them is denoted by X 
boxes with a thick outlines.  

FR1.1 calls for making quality decision, however that 
requires paying for quality staff, which affects the ability of  
ED management to afford all of  their staff, in that way DP1.1 
which is to hire quality staff  directly affects the ability to 
satisfy staff  as a whole due to limited funds. This means that 
an ED manager must make decisions that balance hiring the 
very best, with satisfying all current employs.  

On the other hand, DP2.1 calls for payment and 
scheduling practices in order to maintain satisfaction. In order 
to maximally satisfy staff  they will be scheduled such that they 
are never overworked, but are never bored. However in order 
to maintain highest quality in treatment, ideal 
patient/caregiver ratios must be reached that may not allow 
for ideal scheduling that satisfies staff. In other words 
scheduling to satisfy staff  may affect quality.  

Although this interaction is indeed a very serious 
problem, it is actually de-coupled given a certain amount of  
money. Greater funds would allow hospitals to hire enough 
quality staff  such that necessary ratios are always reached 
while not overworking any specific staff  member. Another de-
coupling factor is the ability to hold funding constant, but 
improve the efficiency of  the ED and lower the optimal 
patient to caregiver ratio. [Kolb, 2008] 

4.2 FR1.3 VS. FR2.1 – IMPROVING QUALITY VS. 

STAFF SATISFACTION 

 
Figure 7: Simplified Matrix of  ED3 Expanded one Level 

Showing FR1.3 vs FR2.1 Coupling 
 
Figure 7 uses the ED3 matrix in order to show another 

coupling between quality and satisfaction. In this case the 
coupling is between efforts to improve quality through 
feedback and the satisfaction of  employees.  It is important to 
receive feedback on how employees are performing; this 
allows management to make changes in order to improve 
quality operations. However performance feedback has the 
very strong potential of  affecting staff  satisfaction. Staff  
members want to feel secure in their jobs, if  they feel that 
they are constantly being evaluated then, although quality may 
improve, they may not feel as satisfied.  

Besides how feedback applies to evaluation of  
performance there is also staff  generated feedback. Staff  can 
offer feedback by reporting mistakes allowing for clinical staff  
to find the cause of  the mistake and ensure it does not 
happen again. This has potential effects on satisfaction in that 
staff  will not want to report a mistake if  they feel it will 
endanger their job. In order to overcome this coupling many 
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hospitals have offered not to punish for any single mistake as 
long as it is reported quickly and honestly [Leape, 1998]. Staff  
feedback can be taken to a higher level through active 
feedback. In this case staff  members actively seek problems 
and report them in order to encourage constant improvement. 
Such feedback is the backbone of  many continuous quality 
improvement strategies that have been reported in the 
healthcare setting [Spear, 2005].  By being able to provide 
feedback employees gain a sense of  ownership, which 
increases satisfaction while also increasing quality. 

 

4.3 FR1.2 VS. FR3.2 – TREATMENT QUALITY VS. 

THROUGHPUT 

 
Figure 8: Simplified Matrix of  ED3 Expanded one Level 

Showing FR1.2 vs FR3.2 Coupling 
 
The coupling between FR1.2 and FR3.2, shown in Figure 

8, is one that occurs in many kinds of  systems that have to 
deal with product flow. It is desirable to move as many 
patients through the ED as fast as possible, from a 
productivity point of  view. In the case of  EDs, there is extra 
impetus for speed because ailments can get worse with time 
and thus having a patient wait for too long can be hazardous. 
It is also important to move patients through the system 
quickly in order to avoid crowding. However speedy treatment 
has direct consequences on quality of  treatment. Pushing 
staff  to work too fast can lead to stress and exhaustion which 
can be linked to harmful consequences in a treatment quality 
[Firth-Cozens, 1997]. A balance between high throughput and 
high quality must be found in order to satisfy both FRs. This 
can be made easier through improved efficiency that would 
allow for higher quality and higher throughput; however the 
coupling would still exist to some degree.  

4.4 FR1.4 VS. FR3.2 – DIVERSE QUALITY VS. 

THROUGHPUT 

 
Figure 9: Simplified Matrix of  ED3 Expanded one Level 

Showing FR1.4 vs FR3.2 Coupling 
 
As mentioned in section 2.3, it is easy to take certain 

design decisions for granted when analyzing the design of  a 
system rather than designing it from scratch. A key aspect of  
the design of  an ED that feels strange to question is, why 
locate an ED in a Hospital? From a management standpoint 
there are many possible reasons such as infrastructure benefits 
of  being part of  a larger building (ie. Parking, Operations 
Overhead, Access to Hospital Food Courts etc.). In terms of  
the ED3, the reason for attaching an ED to a hospital 
manifests itself  in FR1.4. In order to provide quality 
treatment, the ED must also be capable of  providing a diverse 
range of  treatment; this coupling is shown in Figure 9. In 
some cases it is not reasonable to have an ED with all of  the 
necessary facilities to fully treat every patient that arrives, this 
is why the ED must have the ability to send a patient to the 
larger hospital facility, after being stabilized, in order receive 
complete treatment.  

The necessity of  being part of  a hospital and sending 
patients for admittance to the hospital has significant 
consequences in terms of  patient throughput. Often due to 
bed or staff  shortages or other causes, an ED patient can not 
be immediately sent for admittance to the hospital. This 
causes flow bottlenecks in the ED which then results in ED 
crowding [US GAO, 2003]. 

5 CONCLUSION/FUTURE WORK 

The field of  healthcare is evolving. The days when a 
doctor had time to pay individual house calls to a patient and 
carried all that they needed in a small black bag are gone. Now 
doctors can not afford the time to make personal trips, in fact 
they are often restricted in how much time they are permitted 
to spend with a single patient on site. This is all due to the 
ever increasing demand for faster, higher quality, yet cheaper 
service. This increasing demand without a proportional 
increase in supply is causing a great deal of  crowding in EDs.  

Using AD it was possible to analyze the ED system and 
highlight design couplings to which many of  the EDs 
problems can be attributed. Some of  these couplings may 
have already been known intuitively by those who work in the 
field however with the detailed functional decomposition it is 
easy to fully understand the interactions that form the 



Lessons learned by applying Axiomatic Design to an emergency department 
The Fifth International Conference on Axiomatic Design 
Campus de Caparica – March 25-27, 2009 
 

172  Copyright © 2009 by ICAD2009 

coupling, which facilitates communication about the issue as 
well as the invention of  ways to eliminate or alleviate the 
problem.  

Having shown that the ED3 can successfully identify 
problems, future work would include deeper analysis of  the 
decomposition to identify more problems that are less 
commonly understood and offer insights into solving them. 
The idea of  facilitating communication of  problems within an 
ED can be furthered by efforts to spread the ED3 to 
practitioners and encourage its use. 
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ABSTRACT 

Bio-mimetic articulated robots are robots that imitate living 
creatures and have many modules. There are many kinds of  
robots and they are used for many purposes but we decided 
that the most important one is overcoming obstacles, 
especially stairs. In this paper, we used axiomatic design 
theory to improve these kinds of  robots and finally decided 
one complete design – a “slinky” robot. We find that the 
prototype of  a slinky robot has many advantages for 
overcoming stairs compare to other types of  robots. Finally, 
we discuss the limitations of  the prototype and potential 
solutions to those problems. 

Keywords: Bio-mimetic, Slinky, Robot, Stairs, Axiomatic 
Design 

 

1 INTRODUCTION 

Biomimetics is the word most frequently used in scientific 
and engineering literature that is meant to indicate the process 
of understanding and applying (to human designs) biological 
principles that underlie the function of biological entities at all 
levels of organization. Among the many fields of study of Bio-
Mimetic, one area is the Mobile Robot. There are many issues 
in this research. The first one is overcoming obstacles safely 
and adapting to rough terrain. This is the main subject in our 
project, so we are focused on this. The second one is finding 
proper robot structures for these kinds of functions. This 
means we should make the robot have stable, precise and 
elaborate movement. Meanwhile in this area, many bio-
mimetic robots such as centipedes, snakes, dogs, birds and 
even humans exist now. These robots are used by the military, 
industry, medical service, transportation, exploration industry 
and the home-related industry. Presently these are prominent 

in the military and scout field because they can probe rough, 
narrow, dangerous or unknown places where it is too 
dangerous or hostile and people cannot go. Therefore, since 
those robots can do missions instead of people, it is important 
to develop them. 

In this paper, we will first explain past research related to 
our problems and show our customer needs derived from 
expert interviews. Next, we suggested three alternative design 
concepts to solve our problem and selected one which was the 
best. After that we decided the functional requirements and 
design parameters. We also repeated the process of  
developing our final concept: the robot derived from a 
“slinky” spring toy. 

 

2 BACKGROUND RESEARCH 

2.1 LITERATURE SEARCH 

Scientists have tried to imitate characteristics of  living 
things for many years. In order to produce the robot which 
has the same ability of  living things, they imitated several 
animals or insects such as snakes, scorpions and centipedes [1, 
4]. Therefore, those robots can be separated by types of  
moving method such as track type, wheel type, jumping type 
and so on. 

Specifically, many robots which have many modules or 
articulations like centipedes or snakes have been researched a 
lot because attaching many modules is more advantageous for 
overcoming obstacles than any other forms [2-3]. Many 
scientists suggested several methods of  movement which are 
advantageous for overcoming obstacles and tried to make 
them [2-3]. 
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2.2 RESULT OF CUSTOMER INTERVIEWS 

We interviewed people who work for Robolink and 
researchers in KAIST Mechanical Engineering labs (using cell 
phone or visiting). First, we asked about the kinds of work 
that the robot related to our project can do. According to 
them, overcoming obstacles, probing into dangerous places, 
and rescuing people in dangerous places are the main 
functions. However, the most basic function is overcoming 
obstacles to probe or rescue.  

Second, the researchers we interviewed gave us advice for 
what kinds of functions are needed these days. The first one 
was the function to overcome obstacles, especially stairs 
which are the most difficult obstacles for robots. The second 
one was the function for self-position recognition. They said 
that if only one of two is possible, our design would be 
successful. They wanted us to think of a new moving 
mechanism for overcoming the stairs.  
 

2.3 FINAL CUSTOMER NEEDS 

Our experts emphasized that the most important function 
in a bio-mimetic articulated mobile robot is overcoming 
obstacles (especially stairs) and moving flexibly. Also, they said 
the robot needs to be durable and strong, and if  possible to 
reduce expenses. You can find our customer needs in figure 1. 

 

 
Figure 1. Customer Needs 

 

3 DESIGN SOLUTION 

3.1 ALTERNATIVE DESIGN CONCEPTS 

After deriving our customer needs, we developed three 
basic concepts to achieve our goals. Concept 1 is a 
grasshopper robot which jumps to overcome obstacles. 
Concept 2 is a snake robot which rolls on the ground and 
climbs up the stairs using two end absorbers. Concept 3 is a 
spring robot which also climbs up the stairs moving the center 
of gravity like the slinky which has a unique movement (figure 
2). 
 

 
Figure 2. Three Design Concepts 

 

3.1.1 ALTERNATIVE DESIGN CONCEPTS 

The first task was to plan the robot which satisfies the 
primary CNs (Customer Needs): Technical Aspects. 
Specifically, the new moving mechanism and ability to 
overcome obstacles was the first consideration when 
designing the robot. Therefore, we considered two points: 
what can we imitate to overcome various obstacles and how 
can we be creative? Concept 1 and 2 were designed by the 
method which mixes past robots that have advantageous 
functions for overcoming obstacles with a new one. 

Concept 1 was modeled with four grasshopper robots from 
past research which were small and light, and also could jump 
as high as 1.5meters. Attaching 4 grasshopper robots on 4 
sides makes the robot move in 4 directions and overcome 
obstacles (figure 3). The center of  gravity is on the head and 
this head softens the impact when this robot collides with the 
ground. Legs are put down to make initial form after landing 
(figure 4). 

 
Figure 3. The appearance of  concept 1 
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Figure 4. Moving mechanism of  concept 1 

 
Concept 2 is a remodeled robot where absorbers were 

added to the main body of  a snake robot. The snake robot 
from past research is a good model which can overcome 
various obstacles. However, it cannot climb up the stairs by 
bending its body. Therefore, we solved this problem with two 
absorbers attached to each ends of  the robot (figure 5). The 
absorbers were fixed its end of  body to upper ground of  stair 
and helped to lift the body (figure 6). Therefore, a snake robot, 
which had just rolling movement, was designed to be a new 
model. 

 
Figure 5. The appearance of  concept 2 

 

 
Figure 6. Moving mechanism of  concept 2 

 
Concept 3 is our own robot, which imitates the slinky toy 

(figure 7). Our robot has a new moving mechanism. We 
designed the past toy model, which could just go down 

moving the center of  gravity, conversely to be the robot which 
can even climb up the stairs (figure 8). Moreover, the length 
of  the robot can be controlled mechanically using motors and 
springs much like the real toy is shortened or lengthened with 
our own hands. As a result, it satisfies the CNs in Technical 
Aspect.  

 

 
Figure 7. The appearance of  concept 3 

 

 
Figure 8. Moving mechanism of  concept 3 

 
All of  these concepts are symmetrical and have many 

articulations, so they all satisfy the CNs for good balanced and 
a strong structure. 
 

3.1.2 SELECTION CRITERIA 

Selection criteria were used to evaluate and rate our 
concepts. In order to choose effective criteria, we considered 
the strong and weak points of our concepts and also we 
discussed which criteria are more important than the others. 
Finally, three main selection criteria and eleven detailed 
criteria were selected (figure 9). 
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Figure 9. Selection Criteria 

 
First, originality & creativeness was considered as social 

aspects. Second, superior functions were considered as 
technical aspects. Finally, ease of manufacture was considered 
as an economic aspect. 

 

3.1.3 CONCEPT SELECTION 

In this process, we used a mixed selection method which 
contains external decisions, pros and cons and decision 
matrices. However, the main method was decision matrices. 

 

 
Figure 10. Concept Scoring  

(SC : Selection Criteria, W : Weight, DSC : Detailed 
Selection Criteria, W score : Weight score) 

 
In our selection scheme, each design could receive 

between 1 and 5 points. Average designs received 3 points. 
We gave the total 100% weight to each criterion (selection 

criteria and detailed selection criteria) in order to consider 
both weights. Therefore, we can get W scores by 
multiplication of ‘Rating’, ‘W of DSC’ and ‘W of SC’. 

 

 

According to the result of the total score of the decision 
matrices, we concluded that concept 3 is the best robot to 
produce among these three concepts. 

 

3.2 DESIGN DEVELOPMENT 

3.2.1 CONCEPT DEVELOPMENT 

The original version of  the chosen concept was a snake-
like robot which has absorbers at the ends. The 1st type robot 
has pistons for connection and absorbers producing a vacuum 
for the holding robot (figure 11). However, pistons are too 
heavy to support the bending shape of  the robot. Therefore, 
we changed the connection method to light springs in two 
opposite sides of  the robot so it can bend in two directions, 
and each side of  the springs has one motor. After that, the 
mass of  the absorbers become a problem. Those are too 
heavy to support the bending shape of  the robot, too. 
Consequently, we replaced it with a heavy metal ball. By 
controlling the position of  the metal ball, we can move the 
robot to the upper stair. In the final version, we used square 
plates because of  the difficulty of  making rings. We also used 
6 motors, 4 motors to contract springs and 2 motors for metal 
ball. There is a path for the metal ball. 

 
Figure 11. Evolution of  Concept 3 Development 

(earlier version from left)
 

3.2.2  FRS AND DPS 

The introductions of  our main functional requirements are 
below. You can find the details of  our FRs, DPs, and design 
matrix in figure 12 and figure 13. 

FR1. Overcome stairs 
This functional requirement is the final object of  our 

design. Our customer needs require robots that can overcome 
various heights. So we are basically required to overcome stairs. 

FR2. Move fluently
To overcome stairs, the following three sub Functional 

Requirements are important. Basically, the robot is required to 
move continuously because stairs are continuous. Also, it 
should move in four directions. The most critical function is 
that the robot is strongly required to control its body’s height 
according to the stairs’ design. This function is a very 
advanced function compared to other stair-overcoming robots. 

FR3. Be economic
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Reducing prime cost is very important in the market
because by reducing prime cost, we can expect the highest 
profit. Therefore, the robot is required to be economical. 

FR4. Be stable and permanent 
If  the robot wants to do its missions, it should be stable 

and permanent. In our case, the robot is required to be a 
shock-resistant robot. This means it should have strong 
connections. Also, the robot needs a stable state when it 
stands straight.

 

 
Figure 12. FRs and DPs for Concept 3 

 
Following the traditional axiomatic design matrices, large 

x(X) means coupling and zero (O) means no coupling. 
 

 
Figure 13. Design Matrix for Concept 3 

 

3.3 DESIGN SIGNIFICANCE 

There have been some robots able to overcome stairs. 
Many of  them are track-type robots. These robots have many 
limitations to climbing stairs. The most critical limitation is 
that these robots cannot adapt to the variety of  stair sizes. 
Some of  them cannot climb steep stairs and some of  them 
cannot climb high stairs lift. Moreover, they usually climb 
stairs which only have a fixed size. But our new robot can be 
controlled into many different heights because it is articulated 
and has a system whereby the robot can be contracted and 
elongated. Therefore, our robot can overcome a variety of  
stairs. Also, it is very small, light and made with cheap 
materials compared to other kinds of  stair-climbing robots. 

We successfully made our prototype, but there are some 
challenges. First, this robot cannot travel fast on level ground 
or rough terrain because it is designed for climbing stairs. 
Second, it’s very unstable when the robot elongates its springs 
as much as possible because of  the weight of  the motors 
attached on the upper side. The most critical problem is that 
this robot is too slow because it has to do many steps to climb 
stairs. To solve these problems, we need to add systems to 
make it travel on level surfaces or rough terrains such as 
adding wheels or rolling system like snake robot. To solve the 
instability of  the robot, we should use a very heavy metal ball 
to hold the body of  the robot, and also, we can contract the 
springs a little bit more as we start so the robot’s height is 
lower and robot therefore becomes more stable. Additionally, 
we can make a robot that has shorter springs. The prototype 
that we made is too slow when it moves because of  the above 
procedures and complexities. However, if  we make a robot’s 
moving mechanism more precise and make a handier remote 
controller, the above problems could be overcome.  
 

4 RESULTS 

The prototype has 9 nodes (figure 14), 6 motors (figure 15) 
and 4 sides. There is one motor for one side (figure 16) and as 
you can see in figure 11, prototype (5th type) has a path for the 
metal ball in the center of  its body (figure 17). 

 

 
Figure 14. Prototype 
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Figure 15. Motors in each ends 
 

 
Figure 16. One motor to one spring side 
 

 
Figure 17. Path of  the ball 
 

The prototype can control its body height (figure 18), so it 
can fix its height appropriately according to the height of  
stairs. 

Detailed information about the prototype is shown in 
figure 19. 
 

 
Figure 18. Minimum and maximum height of  prototype 

 
Figure 19. Information about the prototype 

 
Figure 20 shows how the prototype climbs stairs. First, the 

robot bends to the upper stairs (figure 20, picture 2). Second, 
it pulls up the metal ball so make the prototype be on upper 
stair (figure 20, picture 3). Last, it straightens its body (figure 
20, picture 4). 

 
Figure 20. Overcoming stair 

 

5 CONCLUSIONS 

The fundamental goal of  our project was to make an 
articulated robot which can overcome many constraints. The 
design concept is focused on overcoming stairs because 
customers need a robot to overcome various heights of  
constraints like stairs. Other researchers have designed a few 
robots which can overcome stairs. However, almost all of  
them are track-type robots so these kinds of  robots have a 
hard time overcoming stairs with a variety of  sizes.  

According to the Axiomatic Design Theory, we determined 
functional requirements, design parameters and chose one 
concept among three alternative concepts. The final design 
concept provides all the solution of  the FR. Through 
imitating slinky, FR1, overcoming stairs, is solved, and FR2, 
moving fluently, is solved by our concept’s moving 
mechanism. FR3, being economic, is mainly solved by using 
cheap materials like acrylic plates. The last, FR4, being 
permanent and stable, is solved by a very articulated body and 
strong motors and connections.  

The prototype has many strong advantages to overcome 
stairs. The most important thing is that it can overcome a 
variety of  stair lifts (stair heights) because it is articulated – it 
can change its body length. This is very advanced compared 
with former stair-overcoming-robots, mostly track type robots. 
Also, the prototype is only 0.92-kg in weight, so it is much 
lighter and very cheap to make compared to track type robots. 

Although the robot is small, light and cheap and covers 
various heights of  stair, it has problems. It is slow because of  
its many procedures. In the prototype, we found that electric 
wires disturb the movements of  the robot. To solve these 
problems, we have to make a robot controlled by a wireless 
controller. Also, we should improve the electric circuit system 
to shorten the interval time of  movements. 

 

6 FUTURE WORK 

There are four additional issues should be considered for 
using in the real world – operation speed, the power/weight 
ratio, limit of  the maximum stair height which the slinky robot 
can overcome and mobility. 
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The slinky robot needs improved operation system to 
increase operation speed. That operation system should have 
precise programs for coincidence of  various operations and 
reducing useless operation. For instance, the operation of  
each motor can be programmed in a MCU (Micro Controller 
Unit) and the MCU should be connected to the slinky robot. 

The power/weight ratio is related to the efficiency of  the 
robot. Higher ratio causes higher efficiency and stability. To 
increase the power/weight ratio, the slinky robot should have 
a light and strong power source. If  the slinky robot is fitted 
with light and strong motors or strong rare-earth magnets 
such as neodymium, it would increase the power/weight ratio. 

The slinky robot needs more segmented articulations and 
higher flexibility of  movements to increase the maximum 
height of  stair which the slinky robot can overcome. It should 
have more motors or any power source in the middle of  the 
body. 

The slinky robot should operate by itself  and be wireless to 
increase mobility. Also the robot needs to operate without 
human’s control by utilizing MCU, MPU (Micro Processor 
Unit) and balancing sensors. 

These kinds of  works will make the slinky robot used in 
the real world with much more efficiency. 
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ABSTRACT 

Many groups have worked to incorporate thin film lead 
zirconate titanate (PZT) into a wide range of  devices 
including: actuators, energy harvesters, resonators, pressure 
sensors, pumps, nano-positioning stages, and MEMS switches. 
However, the use of  PZT has been limited in many MEMS 
designs due to the constraints and coupled nature of  the 
currently popular spin coating process. Not only is spin 
coating inherently wasteful of  the expensive PZT solution, 
but it prevents the deposition of  PZT films on non-planar 
substrates and requires difficult, low yield, patterning steps. 
Direct printing of  PZT thin films eliminates the need for 
photolithographic patterning and etching, allows for 
controlled deposition over non-planar topographies, and 
enables the fabrication of  devices with varying thickness 
which cannot be accomplished with conventional spin coating 
processes. This paper presents the design interaction analysis 
that lead to the development of  a dot on demand deposition 
process as the adequate manufacturing solution for small 
volume MEMS products. Furthermore, it describes the 
various ways in which Axiomatic Design principles guides the 
development of  this new deposition process. Included is a 
method of  resolving coupling between solution chemistry 
desirable for thermal processing and fluid properties 
acceptable for printing. It also presents analysis of  the 
inherent coupling that occurs in digital deposition processes 
between the discrete material deposition and the desire for 
uniform film geometry and microstructure. Finally this paper 
discusses the coupling that has yet to be resolved in the 
manufacture of  robust high quality PZT films and future 
work that may help further facilitate the integration of  this 
powerful material. 

Keywords: Thermal ink jet (TIJ), lead zirconate titanate 
(PZT), micro-electromechanical systems (MEMS). 

 

1 INTRODUCTION 

The high degree of  piezoelectric and ferroelectric 
coupling in perovskite phase lead zirconate titanate (PZT) 
makes it an attractive material for use in micro-
electromechanical systems (MEMS). PZT provides highly 
efficient energy conversion, and has been used to form 
devices with some of  the largest mechanical-electrical 

coupling coefficients reported. Table 1 gives a comparison of  
reported coupling coefficients between common piezoelectric 
materials. 

Table 1. Comparison of  piezoelectric materials. 

Material 
d33, 

 
d31, 

 

Aluminum Nitride (AlN) 3.9 -0.86 
Lithium Niobate (LiNbO3) 25 -4.6 
Barium Titanate (BaTiO3) 289 -111.2 
Lead Zirconate Titanate 

(Pb(Zr,Ti))O3 
689 -150 

 
Due to the promise of  efficient large strains at relatively 

low voltages, many groups have worked to incorporate thin 
film PZT into a wide range of  devices including: actuators, 
energy harvesters, resonators, pressure sensors, micro-pumps, 
nano-positioning stages, and RF MEMS switches, to name a 
few [1]. Similarly, much work has been done on PZT 
manufacturing processes. Sputtering, laser ablation, and 
chemical vapor deposition have all been successfully 
demonstrated as methods for depositing high quality PZT. 
However, chemical solution deposition by spin coating 
remains the dominant manufacturing method due to its 
relative simplicity and reliability. It can be performed at 
atmospheric temperatures and pressures, requires no complex 
equipment, and coating solutions are readily commercially 
available. Our research group in particular has experience with 
linear actuators, energy harvesters, and RF switches, all 
produced by spin coating [2-3]. 

Relative to the other common PZT manufacturing 
methods, spin coating is a robust and flexible deposition 
technique, and is has enabled the demonstration of  many 
novel device structures. However, through our work with 
PZT, we became aware of  significant, irresolvable couplings 
between the spin coating manufacturing process and the final 
devices structures. Specifically the centrifugal forces used to 
form the material layer limit the device structure to uniform, 
thin, flat, and continuous layers. This imposes several 
constraints on device design. One set of  constraints arises 
from the process requirement of  having a continuous surface 
coating. This means that complex patterning techniques must 
be used to form device shapes after deposition. Both wet and 
dry etching techniques have been developed for the patterning 
of  PZT. However, each has limitations and imposes devices 
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constraints. Typically a buffered oxide etchant solution is used
as the wet etchant. It tends to have significant undercut (as 
much as 5:1), often it leaves behind PbClF residue, and it is 
not selective against other oxide layers that are commonly 
used as PZT seed layers. Dry etches have been demonstrated 
recently, but are not only poorly selective against other oxides, 
but are poorly selective against photoresists as well. This 
necessitates the deposition and pattering of  a hard mask, 
significantly increasing process complexity. A second set of
spin coating process constraints arises from the substrate 
flatness requirement. The thermal processing of  solution 
deposited PZT involves a large volumetric contraction and 
results in a large uniform tensile stress in the final film. This 
means that it is not possible to spin coat PZT over even small 
out of  plane features with significant cracking occurring at 
stress concentrations. Figure 1 demonstrates a failure resulting 
from the coating of a small (~1.5!m) step.

 

  
Figure 1. SEM images of  spin coated PZT films [4]. 

 
The final constraint that couples the spin coating process 

to the device structure is the uniformity requirement. There 
are many intriguing resonant device designs that require a 
varied strain throughout the device structure to achieve 
specifically tuned mode shapes. It is difficult to image how 
this could be accomplished without the ability to vary the 
thickness of  the PZT layer throughout the device. Uniformly 
deposited layers are limited to uniformly applied strain. 
Together, these process limitations prompted investigation 
into ways to decouple the manufacturing process from the 
device structure, and ultimately digital fabrication techniques 
seemed a promising solution. 

 Digital fabrication of  solution based PZT via dot-
on-demand (DOD) printing has the potential to remove many
of  the major process constraints, while maintaining all the 
advantages of  a chemical solution deposition method. It 
provides for as deposited patterning, coating on or around 
arbitrarily large out of  plane features, and deterministic 
thickness control. However, solution based deposition of  
PZT involves several complex chemical and mechanical 
processes. Successfully addressing the challenges associated 
with DOD deposition of PZT without time consuming
design iterations required a detailed understanding of  the 
many process requirements and there interactions. The 
Axiomatic Design framework guided our understanding of  
this process during development, enabled the remove of  key 
couplings, and ultimately resulted in the successful 
development of  a new digital fabrication method for PZT. 

 Given the primary functional requirement is the 
DOD deposition of  high quality PZT, four high level process 
requirements were identified. First, compatibility with the 

DOD deposition process is required. Summarized as
‘Jetability’, this requirement implies stable and robust droplet 
formation without clogging. Second is the requirement of  
geometric control of  the film. This includes requirements 
governing in plane resolution, out of  plane film uniformity, 
and thickness control. The third requirement, perovskite 
phase crystallization, is of  primary importance for all solution 
based PZT deposition methods. This requirement necessitates 
careful morphological and chemical transformation of the
PZT ink into a well crystallized ceramic thin film. The final 
process requirement, device integration, encompasses all of  
the requirements and interactions imposed by external 
processes in the device manufacturing flow. This includes, 
alignment to other device layers, preventing contamination of  
other manufacturing equipment, and ensuring the deposited 
film is compatible with further process steps. The final 
decoupled design matrix is shown in Figure 2. Preventing
coupling between these four requirements was a constant 
challenge throughout the process development. The design 
interactions between the lower level functional requirements, 
with their associated chemical, environmental, and process 
control parameters, are numerous.  The removal of  a few key 
couplings was instrumental in the success of  this 
manufacturing method. Those couplings, and the methods for 
removing them, will be briefly addressed in this paper. 
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Jetability x    

Geometric Control x x   

Crystallization x x x  

Device Integration  x x x 

Figure 2. Highest level design matrix. 

 

2 MAJOR COUPLINGS 

Perhaps the most complex and critical of  the functional 
relationships that exists for all DOD deposition for MEMS 
relates the final geometry of  the film, and the many 
parameters that influence that geometry, to the jetability of  
the ink and the health of  the nozzle-printer system. These two 
important aspects of  printing are inextricably linked through 
the ink chemistry and printing environment, and in order to 
achieve a decoupled design matrix the relationships that 
govern these functional requirements must be in some way 
modeled. Once each of  these requirements is decomposed to 
a low enough functional level, previously studied relationships 
can be used to provide a clearer understanding of  the 
functional relationship. Figure 3 is a simplified decomposition 
of  the jetability requirement, and it conveys some of  the 
complex requirements of  DOD printing. The selection of  
appropriate design parameters was informed by early work on 
sol-gel chemistry, advice from ink development chemists at 
Hewlet-Packard, and published dynamic models of  ink jet 
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printing. Many of  these fluid parameters ultimately affect the 
final film geometry as well; therefore much of  this research 
was focused on reducing or removing the influence that the 
geometric control parameters have on the jetability of  the ink. 
Figure 4 is a simplified decomposition of  the factors affecting 
film final geometry. 
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  x            
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Control Ink 
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clogging 
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Droplet dynamic 
stability 

  x       x     

Stable droplet 
formation 

      x x   x   

Prevent splashing               x 

Figure 3. Simplified functional decomposition of  ink 
jetability requirements. 
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Control Film Geometry x     

Control Uniformity (control 
coffee stain solute diffusion) 

 x    

Ensure continuous film 
coverage (prevent pin holes) 

  x   

Control printed resolution  x  x  

Control Mean Thickness   x  x 

Figure 4. Simplified functional decomposition of  film 
geometry requirements. 

In order to achieve the decoupled matrix in Figure 2, two 
couplings with film geometry needed to be removed. The first 
arises from the uniformity control requirement, which is 
critical in crack sensitive PZT deposition. The second comes 
from the influence the added solvents have on pin holes in the 
film. 

Film non-uniformities arise from evaporation driven flow 
of  the solutes, referred to as the coffee stain effect [5]. 
Previous work to overcome this effect and produce uniform 
films had relied on droplet spacing and temperature, as well as 
deposition rate. Due to nozzle health concerns, the substrate 
deposition temperature must be maintained low enough to 
prevent decaping, or disruption of  a stable ink meniscus on 
the printer nozzle. Furthermore, because the solid content 
was also determined by nozzle health requirements, the 
droplet spacing was needed as a control parameter for the 
final mean thickness of  the film. As a result a new method of  
controlling film uniformity must be found for a decoupled 
matrix to be achieved. This was accomplished by adding a 
small amount, 3-6%, of  a low vapor pressure solvent, 2-
ethylheaxanoic acid (EHA). This allows a controllable amount 
of  reflow on the substrate after deposition which can be used 
to determine the final film uniformity. Figure 5 shows the 
results of  a temperature uniformity study that demonstrates 
how the optimum deposition temperature can be independent 
from uniformity if  the concentration of  EHA is varied. 

 
Figure 5. Thickness variation vs. substrate temperature 

for TIJed PZT on Pt. 

The second coupling removal that was critical to the 
printing of  PZT was between this new EHA solvent design 
parameter, and the requirement of  a pin hole free continuous 
film. Experiments showed that printed films were especially 
susceptible to voids forming at the grain boundaries (Figure 
6a). Previous sol gel work indicated that large organic 
molecules like EHA can impede the formation of  a dense gel 
matrix, and hence a defect free amorphous film. As a result, a 
new functional requirement was needed to accommodate or 
overcome these defects. We hypothesized that multi-layer 
deposition would allow for the sealing of  the pin hole defects 
in one layer by the material in subsequent layers. This theory 
was supported by consultations with experienced industry sol 
gel chemists. While investigation into new solvents that are 
less likely to produce these defects is ongoing, results of  
multiple layer devices have proven it to be a reliable method 
for sealing defects and improving dielectric properties (Figure 
6b). 
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(a)                                                (b) 

Figure 6. SEM images of  (a) voids at PZT grain 
boundaries of  a singe PZT layer and (b) a multilayer film 

with no defects through the complete structure. 

 

3 RESULTS 

Using this decoupled process, and setting the process 
parameters in the correct order as prescribed by the lower 
triangular design matrix, ferroelectric capacitors were 
fabricated to test the piezoelectric performance of  the printed 
PZT films. Polarization vs. electric field hysteresis 
measurements, along with the remanent polarization and 
coercive field data that they provide, are a standard way to 
determine the properties of  a piezoelectric material. 
Throughout this work polarization-field and resistivity data 
(measured with a Radiant Technologies RT66A), were 
recorded to determine film quality. To test the electrical 
properties of  the printed films, capacitor structures were 
fabricated with approximately 400nm thick printed PZT 
between two platinum electrodes. The bottom electrode on 
which the PZT was printed was a known effective PZT seed 
layer (200nm Pt / 20nm Ti / 200nm SiO2 / Si). The capacitor 
area was 6.25x10-4cm2.The complete devices exhibited similar 
hysteresis response to the spin coated PZT based devices 
(Figure 7). The measure remnant polarizations were also 
similar, approx. 7.69 uC/cm2 as compared to 10-20 uC/cm2 
for spin coating. Both indicate similar piezoelectric 
performance of  the printed PZT films. Work to produce 
MEMS devices for d33, d31 testing is ongoing. 

 

 
Figure 7. Polarization vs field tests for spin coated and 
printed PZT devices, units removed for comparison. 

 

4 CONCLUSION 

A new solution based dot-on-demand PZT deposition 
method has been developed using Axiomatic Design theory. 
This process provides increased design flexibility over the 
current spin coating deposition method. Ink chemistry that 
can be reliably jetted has been developed, and that chemistry 
has been decoupled from both the final film geometry and 
electrical performance. A method for ensuring that the 
optimum deposition temperature is independent of  the final 
film uniformity for dot on demand thin films on a nonporous 
surface was presented. A multi-layer printing process has been 
presented as a means of  film defect repair. Finally, 
ferroelectric capacitors were design, fabricated, and tested to 
demonstrate the viability of  this new manufacturing method. 
This work demonstrates a robust and efficient method of  
depositing PZT thin films for MEMS applications that may 
enable a novel class MEMS device designs that were not 
previously possible. 
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ABSTRACT 

Cost-effective desalination of  saline water, which is more 
energy efficient than the widely used reverse osmosis (RO) 
and evaporation processes, is desired to solve the growing 
freshwater crisis. In recent years, capacitive deionization (CDI), 
which is based on the principle of  electrosorption of  ions on 
charged high surface-area electrodes, has been reported as a 
promising technology for desalting brackish water, because of  
its low power requirements. Despite its intrinsic advantages, 
the low water recovery ratio of  CDI, limited plant efficiency 
and throughput has hindered its development into an 
industrial process. These problems are a direct consequence 
of  the coupling that exists between the charging and 
discharging processes. There exist three primary functional 
requirements for the complete CDI process whereas only two 
top-level design parameters are utilized to address these.  

Using axiomatic design principles, we propose a novel 
capacitive deionization process employing permeating flow 
discharge (PFD), which adds a new design parameter (solvent 
drag) thereby decoupling the functional requirements. In the 
proposed scheme, waste water is permeated through the porous 
electrodes during the discharging process in contrast to the 
flow in-between the electrodes employed for the AFD process. 
The underlying principle is that the rate of  removal of  ions by 
solvent drag in PFD is significantly greater than by 
convection-diffusion in AFD. Using a bench-top CDI module, 
we show that the proposed solution removes the unavoidable 
coupling present in the AFD scheme. Furthermore we 
demonstrate a reduction in the discharge time by a factor of  
two resulting in an approximately 30% increase in the 
throughput of  the CDI process.  

Keywords: desalination, capacitive deionization, axiomatic 
design, electrochemical purification. 

1 INTRODUCTION 

The presence of  water is central to the functioning of  all 
living organisms. The human body consists of  approximately 
seventy-five percent water showing the importance of  this 
single component in the sustenance of  life forms. In addition, 
the importance of  water for agricultural and industrial uses – 
for example, in the form of  coolant, reactant and solvent - 
cannot be overstated. In order to satisfactorily perform most 

of  the aforementioned functions, it is critical that the solute 
concentration of  the water consumed lies within a specific 
window of  tolerance, as required for the particular process. 
For example, the physics of  the osmosis process necessitates 
that the fluids used to replenish the body must be less 
concentrated than the body fluids. The most important 
consequence of  the limitations imposed on the water intake 
concentration is that seawater and brackish water cannot be 
directly used, especially for human consumption.  

The inadequacy of  global fresh water supplies, however, 
has meant that the quantity and quality of  consumable water 
has sharply declined over the years. The World Water 
Development Report 2003 [1] delivers the grim prognosis that 
by the middle of  this century, more than 50 nations, 
constituting a population of  about 5 billion, will face a water 
crisis. The numbers predict a bleak future for a water-stressed 
society, which increasingly has greater demands for de-
mineralized water and lesser supply avenues to satisfy those 
demands from. To correct this widening disparity, desalination 
stands out as an attractive proposition as it can exploit the 
earth’s abundant reserves of  saline water in the oceans and 
seas to generate freshwater suitable for human consumption 
as well for agricultural and industrial use. Currently, about 
12,300 desalination plants world-wide strive to fulfill the 
objective of  treating sea water to make it fit for various 
applications, primarily human consumption [2]. However, 
their cumulative contribution is only about 0.3% of  the 
world’s water use. While the desalination technology roadmap 
projects that by 2020 water purification and desalination 
technologies will contribute significantly to meeting the need 
to assure a safe, sustainable, affordable and adequate water 
supply, the current state of  the art does not allow desalination 
to be extensively used. The prohibitive costs associated with 
the prevailing thermal and membrane-based desalination 
technologies heavily discourage potential users. Specifically, 
evaporation and distillation based processes have enormous 
energy requirements while reverse osmosis-based processes 
must employ high-pressure pumps to force water against 
adverse osmotic pressure gradients.  

In recent years, capacitive deionization (CDI) has been 
reported to potentially solve some of  the crucial issues that 
have plagued the existing desalination processes such as 
energy cost and membrane fouling (see Oren [3] for a 
comprehensive review on the CDI process). The basic CDI 
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scheme consists of  flow of  saline water through a pair of  
high surface area electrodes (e.g. activated carbon cloth) across 
which a small voltage is applied. During the flow the ions in 
the saline water move towards one of  the electrodes 
depending upon the polarity of  the ions. The charged porous 
electrodes are able to electrostatically adsorb the ions in a 
reversible manner. As a result, during the charging process, 
capacitive current flows in the external circuit connecting the 
electrodes and the water flowing out of  the system is de-
ionized. Once the capacitor is fully charged, the ions are 
regenerated by shorting the electrodes (or by applying a 
reverse polarity). The discharge process, thus, consists of  the 
flushing of  the ions adsorbed during the charging process by 
means of  waste water through the same flow path [4]. 

Although the capacitive process has shown a lot of  
promise over the last decade or so, it is yet to be fully 
implemented in an industrial setup. One of  the reasons that 
affect its suitability in such an environment is the low water 
recovery ratio (with respect to other processes used for 
brackish water desalination), where water recovery ratio is 
defined as the ratio of  the amount of  desalinated water 
obtained to the total amount of  input water. Specifically for 
the CDI process, the water recovery ratio can be thought as 
the ratio of  the charging time to the time for a complete cycle 
(charging and discharging), if  the flow rates during the cycle 
are kept constant. For a given throughput of  a desalination 
plant/process, the water recovery ratio and the power 
consumption per unit volume of  water desalinated provide 
the two most significant metrics for judging the effectiveness 
of  the plant/process. The costs of  pumping and pre- and 
post-treatment of  water added to the rising costs of  surface 
water makes maximizing the recovery ratio a priority. In the 
CDI process, it is observed that the discharge typically takes at 
least half  the time required for charging thereby enabling a 
maximum recovery ratio of  0.5 – 0.6 (for brackish water 
desalination) [5, 6]. The corresponding recovery ratios for the 
RO and EDR processes for brackish water desalination 
typically exceed 0.85 – 0.94 [7]. It must be noted that 
throughput consideration is inter-linked to the concept of  
water recovery ratio, as for a given amount of  input water the 
water recovery ratio of  the process determines the system 
throughput.  

The aforementioned problems are a direct consequence 
of  the design coupling that exists between the charging and 
discharging processes. There exist three primary functional 
requirements for the complete CDI process whereas only two 
top-level design parameters are utilized to address these. In 
this paper, we propose a novel capacitive deionization process 
employing permeating flow discharge (PFD) which adds a 
new design parameter (solvent drag) thereby decoupling the 
functional requirements. In the proposed scheme, waste water 
is permeated through the porous electrodes during the 
discharging process in contrast to the flow in-between the 
electrodes employed for the AFD process. The underlying 
principle is that the rate of  removal of  ions by solvent drag in 
PFD is significantly greater than by convection-diffusion in 
AFD. Using a bench-top CDI module, we show that the 
proposed solution removes the unavoidable coupling present 
in the AFD scheme. Furthermore we report that over time 
scales around the discharging time constant of  the effective 

circuit, the permeating flow scheme is able to remove twice as 
many ions from the setup as the AFD technique. This 
indicates a reduction in the discharge time by a factor of  two 
resulting in an approximately 30% increase in the throughput 
of  the CDI process.  

2 PROPOSED DESIGN FOR PERMEATING 

FLOW DISCHARGE BASED CDI PROCESS 

As briefly mentioned in Sec-1, in the capacitive 
deionization process, the product water is produced only 
during the charging period of  the total cycle. The discharge 
time enables recharging of  the electrodes but the water that 
flows through the channel during the discharge half  cycle 
cannot be utilized. In this paper, our primary objective is to 
develop a scheme that can significantly reduce the process 
downtime (discharge time) while retaining the equivalent 
functionality of  regenerating the electrode.  

It should also be mentioned at the outset that in a typical 
CDI process, the ‘transition’ phase between the charging and 
the discharging phases of  a cycle and the ‘turnaround’ phase 
between the discharging and charging phases of  two 
successive cycles do not contribute to the water throughput 
for the plant. These time periods need to be factored in for a 
precise computation of  the performance metrics. We will 
henceforth group these two phases together and call it the 
switching phase because in essence this is the time that is 
required to switch between the desalination (charging) and 
regeneration (discharging) phases.  

While the need to reduce the total downtime as well as 
the amount of  water for regeneration has been well-
documented [8, 9], the proposed solutions introduce 
additional regenerant fluids and charge barrier membranes, 
which introduce new complexities such as substantially higher 
pressure drops, membrane scaling and fabrication difficulties. 
Consequently, there is a desperate need for a design solution 
to reduce the stated downtime, which does not adversely 
affect the basic functioning of  the CDI process.  

In developing the CDI process, we are faced with a 
situation where knowledge of  the process itself  is inadequate 
in terms of  identifying the critical drawback in the existing 
design. To identify the said drawback, we employ the 
axiomatic design methodology [10]. Axiomatic design 
provides a scientific foundation for design by systematically 
analyzing customer attributes (CA) and mapping them 
successively into three generic domains - functional 
requirements (FR), design parameters (DP) and process 
variables (PV). By using the two fundamental axioms that 
govern the decision making process, one can create a rigorous 
interplay between “what we want to achieve” and “how we 
plan to achieve it”. The main step in axiomatic design is to 
establish a design matrix between the characteristic vectors 
that define the design goals and the corresponding solutions. 
The design matrix at the topmost level consists of  a set of  Xs 
and 0s to understand the effect of  the various design 
parameters on the functional requirements (where an ‘X’ 
indicates significant impact on the FR by the given DP and a 
‘0’ indicates little or no impact on the FR by the 
corresponding DP). After decomposition of  the design matrix, 
which is performed by zigzagging between the FR and DP 
domains, further design details can be incorporated. For the 
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CDI process, we will only be concerned with the design intent 
and thus subsequent decomposition will not be necessary.  

The first step in formulating the FR-DP mapping is to 
identify the multiple FR. These are the highest level functions 
which the process/system has been designed to satisfy. To 
establish a clear set of  FRs, we need to understand the 
physical processes that drive the deionisation process. The 
CDI process is based on a physicochemical reaction, which 
takes place only in a restricted region, i.e. on the surface of  
the carbon aerogel electrodes. A reaction of  this kind is 
commonly termed as a heterogeneous reaction, as opposed to 
a homogeneous reaction where the reaction takes place in the 
bulk of  the fluid. It should be noted that most of  the high 
surface area electrodes, including carbon aerogel, are fairly 
porous and the ions adsorbed in the electrical double layer 
(EDL) not only appear in the flat surface region but also in 
the interior where they are adsorbed to the EDL of  the inner 
particle clusters or fibers. The EDL is typically considered to 
occur within a few nanometers of  the actual charged layer.  

The heterogeneous reaction under consideration here 
consists of  three primary steps. The first step involves the 
transport of  the reacting species (ions) to the electrode 
surface (carbon aerogel). In this step, the presence of  electric 
field is significantly more important than lateral diffusion for 
migration of  ions to the electrode. The (axial) convection 
process is responsible for bringing more ions into the system. 
The second step entails a series of  substeps including 
diffusion of  ions through the aerogel, adsorption on the 
surface, subsequent desorption, and diffusion of  ions through 
and out of  the surface. The third step is a direct reversal of  
the first step and deals with the transfer of  ions away from the 
reaction surface and its neighbourhood into the bulk phase. 
This description of  the phenomenon is fairly generic and is 
typically applied to chemically catalyzed reactions at solid 
surfaces, enzyme-substrate reactions at interfaces and 
electrode reactions in electrochemical cells. The second step is 
the significant step in the actual deionization process but is 
rate-limited by the transfer phenomena of  steps one and three. 
In this phenomenological depiction, the first half  of  the 
second step (i.e., adsorption on the surface) completes the 
charging portion of  the cycle while the latter half  of  the same 
step (i.e. desorption of  ions from the surface and subsequent 
diffusion of  ions through and out of  the surface) initiates the 
discharging part. Based on this three-step picture, we establish 
the appropriate FR-DP relations as shown in Eq. (1).  

FR1:Transport ions from bulk to electrode

FR2 : Adsorb (desorb) ions from electrode

FR3 :Transport ions from electrode to bulk
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We observe from Eq. (1) that there are only two design 

parameters at the highest level to satisfy the three top-level 
functional requirements. In a scenario where the number of  
FRs exceeds the number of  DPs, the design becomes 
‘coupled’. A coupled design does not satisfy the independence 

axiom and consequently successful attainment of  design goals 
becomes an improbable task, if  not an impossible one. The 
capacitive deionization process design involving axial flow 
discharge is not a desirable solution and one must look to 
either ‘uncouple’ or ‘decouple’ the design. A decoupled design 
is characterized by a triangular (either upper or lower 
triangular) design matrix while for an uncoupled design, the 
design matrix assumes a diagonal form.  

Evidently, the uncoupled design is the best possible form 
since each FR is independently satisfied by its corresponding 
DP (FR1 by DP1, FR2 by DP2 and so on). However, it is not 
always possible to attain a simple uncoupled form. In such a 
scenario, a decoupled design works equally effectively as long 
as the DPs are implemented in the sequence dictated by the 
triangular form of  the design matrix. The easiest way to 
decouple the design, presented in Eq. (1), is to either add a 
DP or reduce a FR. However, the reduction of  a FR is an 
unacceptable practice, as that would mean the reduction of  
functionality of  the system and consequently an inability of  
the system to attain its desired goals. Thus, our new design 
should incorporate an additional DP such that the new design 
is able to satisfy the independence axiom. Loosely speaking, 
the new DP should significantly influence its corresponding 
FR while having limited or no impact on the other FRs. It is 
to be noted that this is not a strict requirement but given 
multiple possible DPs, one would like to introduce a DP that 
follows the above norm. 

Motivated by this bottleneck in the CDI process, we 
propose a novel discharge technique that can eliminate the 
source of  coupling in the CDI technique. Such a design 
should be able to significantly reduce the downtime enabling 
an increase in water recovery ratio to the levels of  the other 
brackish water desalination processes such as reverse osmosis 
and EDR. In the proposed discharge scheme, which we call 
the permeating flow discharge (PFD), the waste water is 
permeated through the porous electrodes (see Fig. 1 below) 
rather than the conventional flow path of  in-between the 
electrodes in the axial flow discharge (AFD) process. This new 
flow path for the discharge scheme introduces a new DP that 
can directly address FR3 (“Transport ions from electrode to 
bulk”) while not affecting any other FRs. As this flow path is 
utilized during the discharging process only, it does not have 
any influence on FR1 (“Transport ions from bulk to 
electrode”). Furthermore, FR2 is restricted to the involvement 
of  electrochemical phenomena only (and is independent of  
any ion transport process), i.e. adsorption and desorption of  
ions from the high surface area electrodes – and is thus not 
affected by the introduction of  the new DP.  

The permeation flow is controlled by either forcing a 
fixed amount of  fluid through the porous electrodes or by 
maintaining a given pressure differential across the middle and 
outer channels. In the latter case, the pressure differential 
modulates the permeation flow velocity. It should be noted 
that the permeation flow velocity depends on the material 
properties of  the porous electrode, especially its overall 
porosity. 

The new DP introduced by permeation of  the waste 
water through the porous electrodes is called solvent drag. It 
represents the phenomena of  ion transport through a 
membrane (the porous electrode in this case) due to constant 
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solvent flux through the same. In other words, the solute is 
carried with the solvent as the latter perfuses through the 
carbon aerogel electrodes. It must be emphasized that the 
solvent drag phenomena is completely distinct from the 
diffusion of  the ions across the porous electrode due to the 
concentration difference that exists across it. The solvent drag 
term and the diffusion term together account for all of  the 
ions transported across the aerogel electrode. The new FR-DP 
mapping based on the deionization process employing the 
PFD scheme is shown in Eq. (2).  

FR1:Transport ions from bulk to electrode

FR2 : Adsorb (desorb) ions from electrode

FR3 :Transport ions from electrode to bulk
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      (2) 
The relative magnitude of  the solvent drag, diffusion-

across-membrane and internal diffusion terms - where the 
first two regulate the PFD ion transfer phenomena and the 
last term accounts for ion transport in the AFD scheme - will 
determine the effectiveness of  the new process. Although it is 
not imperative to have solvent drag to be substantially higher 
than diffusive permeation across the aerogel electrode, one 
would expect this to be the case unless the permeation 
velocity is extremely small. This reasoning forms the basis of  
the smaller ‘x’ (denoting smaller influence) in the 1st column 
of  the 3rd row as compared to the larger ‘X’ (depicting 
significant influence) in the 3rd column of  the same row. It is 
to be noted that even if  this were not true, the design matrix 
would still be decoupled. 

What is of  far greater consequence, however, is the ratio 
of  the sum of  the PFD ion transfer terms to the AFD ion 
transfer term. For maximum benefit, the former should be 
substantially higher than the latter. In other words, the new 
scheme will be able to cause a significant change in the 
performance metrics of  the CDI process if  and only if  the 
ions that are desorbed from the aerogel electrode are removed 
much faster with the help of  the permeation flow path. The 
understanding that the ion removal rate is inherently linked to 
the performance metrics, primarily water recovery ratio and 
throughput, gives rise to the underlying hypothesis of  our 
work, which can be formally stated in the following manner: 
The rate of  removal of  ions from a channel setup is higher for a process 
that is influenced by solvent drag (PFD) than for one which is diffusion 
limited (AFD), given the same flow conditions.  

3 MATERIALS AND METHODS 

A multi-channel experimental setup was designed to test 
the aforementioned hypothesis and to determine the extent of  
benefit obtained by employing one flow scheme with 
reference to the other. A schematic of  the implementation of  
the two processes – AFD and PFD - is shown in Fig. 1. It is 
to be noted that Fig. 1 depicts the discharging flow paths only.  

 
Fig. 1: Schematic diagram of  the AFD and PFD schemes. The 
flow paths shown are applicable for the discharging phase only. 
 

To fabricate the multi-channel setup, the channel frames 
were first machined from polypropylene sheets, having a 
thickness of  8 mm. The channel frames provided the space 
for the water chambers, each of  which was 23 cm long and 7 
cm high (Fig. 2). Evidently, the width of  the chambers was the 
same as the thickness of  the frames, i.e. 8 mm. Two holes 
were drilled in each frame to facilitate for tubing connections 
from the pump to the input side and from the outlet to flow 
control valves. The central channel was enclosed by carbon 
aerogel papers (0.25 mm thick), which formed the high 
surface area porous electrodes. Aluminum foils, which were 
directly connected to the external electrical circuit, were put in 
direct contact with the carbon aerogel papers. Care was taken 
to ensure that the contact resistance between the conductive 
foil and the aerogel paper was negligible by applying adequate 
pressure on the outermost retainer plates.  

 

 
 

Fig. 2: CAD model of  the three channel setup (exploded view 
– left; isometric view - right): polypropylene sheets (purple); 
rubber gasket (brown); polypropylene channel frames (white); 
aluminum foil (yellow); carbon aerogel sheets (black). 

 
Extensive research has gone in to the design and 

fabrication of  high surface area materials, primarily for the 
development of  supercapacitors and capacitive deionization 
systems. Specifically, the introduction of  carbon aerogel as a 
high surface area electrode material can be said to have 
provided the mainspring for widespread interest in the 
development of  capacitive deionization systems. Due to the 
intrinsic advantages of  high surface area, low resistance and 
high relative capacitance, carbon aerogel sheets were chosen 
for the capacitive electrodes used in this study. It is to be 
noted that carbon aerogel, which is manufactured by 
pyrolyzing carbon fibers impregnated with resorcinol-
formaldehyde aerogel, displays typical porosity values of  50-
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80%, due to the cumulative contribution of  the embedded 
mesopores and micropores. The carbon aerogel sheets used in 
this study, RF paper (MarkeTech International Inc., Port 
Townsend, WA), have the following specifications: density of  
0.4-0.5 g/cc; surface area of  400-500 m2/g; capacitance of  15-

19 F/g and specific electrical resistivity of  0.01-0.04 !-cm.  
To demonstrate the validity of  the hypothesis stated in 

Sec–2, the assembled setup was employed in two full 
operational cycles multiple times, where one operational cycle 
consists of  charging, transition, discharging and turn-around 
phases. Evidently, the discharging phase is of  primary 
importance in terms of  the hypothesis – the rest of  the 
phases remain invariant during AFD and PFD cycles. To start 
the charging process, saline water was pumped into the 
channels. During the charging period, water was allowed to 
stand still inside the setup rather than flow through it. The 
primary motivation in letting no flow occur during the 
charging phase was to obtain sufficient desalination 
(concentration difference between the input and the output 
streams), given the limited functional area of  the electrodes. 
The bench-top setup in our experiment used carbon aerogel 
electrodes, each having a flat surface area of  161 cm2. 
Typically, one would need much larger areas (longer/wider 
channels) to obtain adequate desalination in the flow mode. 
Given the dimensions of  our setup, in the continuous flow 
condition, even after saturating the electrodes, we might not 
have been able to detect a significant concentration difference 
due to the fact that the same number of  ions would have been 
removed from a substantially larger volume of  water. While 
this operation does not truly simulate that of  an industrial 
plant, it helps us make accurate predictions about the system 
throughput and water recovery ratio and provides valuable 
insight into the nature of  scaling required for a viable 
commercial setup.   

In the no-flow state, the setup, for both AFD and PFD 
experiments, was charged till the potential difference across 
the electrodes reached a pre-fixed value, which for our 
experiments was assigned to be 430 mV. It is important to 
mention that the battery connected for charging must have a 
potential difference less than 1.3V to ensure that the water in 
the channels does not ionize. After the completion of  the 
charging phase, the contents of  the channels were emptied 
(transition phase) and the final concentration of  the deionized 
water was measured by a TDS meter (TDS4, Industrial Test 
Systems, Inc., SC). Since the TDS meter used was most 
sensitive in the 1-999 ppm (parts per million) range with a 
resolution of  1 ppm, the concentration of  the input stream 
(produced by mixing deionized water and table salt) was 
varied between 600 and 900 ppm. The mass of  ions removed 
during the charging phase was then calculated by using the 
concentration value of  the saline water input to the system 
and that of  the final outlet stream. The measured charging 
current provides an additional check on the calculation of  the 
deionized mass value.  

After the charging and transition phases were completed, 
the electrodes were shorted and the discharging flow paths for 
the AFD and PFD cycles were implemented. To implement 
the two separate flow schemes, we used a fluidic circuit 
consisting of  a pair of  peristaltic pumps, in conjunction with 
flow control valves, to maintain a specified flow rate between 

a pair of  adjoining channels. The two peristaltic (positive 
displacement) pumps (43045K36, McMaster-Carr, CA), which 
were employed to feed water at flow rates ranging from 7 
ml/min to 207 ml/min, were connected to the middle channel 
and the outer channels. The experiments were performed at 
permeation flow rates of  0 (AFD case), 8, 16, 32 and 64 
ml/min respectively. The pump was able to handle a 
maximum pressure of  20 psi (138 kPa), which was sufficient 
as the maximum pumping requirement for the current setup 
was only 6 psi (41 kPa).  

For the AFD flow case, no pressure difference was 
maintained across a pair of  channels to ensure that the flow 
was in-between the electrodes, similar to that employed during 
the charging cycle. The PFD experiments were performed in 
two different ways: (a) by closing the central channel valve and 
the pump connected to the outer channels, such that all the 
water input into the central channel was forced to permeate 
through the porous electrodes into the outer channels; and (b) 
by operating the pump connected to the central channel at a 
higher flow rate than that connected to the outer channels, 
where the difference in flow rate is equal to the designed 
permeation flow rate across the electrodes. The permeated 
water, after moving through the aerogel electrodes and the 
outer channels, was collected in a beaker. The two outer 
channel outlet streams were collected together and the 
combined volume flow rate was identical to the flow rate of  
the outlet stream in the AFD setup. The outlet concentrations, 
for both AFD and PFD experiments, were measured at 
definite time intervals. The experiments were carried out till 
the discharging current fell to less than 5% of  its initial value. 
The input water used for our discharging processes was tap 
water (~300 ppm). This ensured that the collected water never 
crossed the 999ppm mark, as required by the TDS meter, even 
after carrying the ions from the channel or through the 
electrode.  

The measured discharging current also provided an 
estimate of  the number of  ions that had been detached from 
the electrodes. In essence, this could be thought of  as the 
upper bound to the cumulative mass of  ions removed because 
the transfer of  ions from the surface to the bulk (where bulk 
could mean either the middle channel or the outer channels) is 
preceded by the dissociation reaction at the surface 
(desorption). 

4 RESULTS AND DISCUSSION 

4.1 CHARGING PROCESS 

In this section, we derive an analytical expression for the 
amount of  time a system can be charged before it needs to be 
regenerated, i.e. the permissible charging time per cycle. In 
order to do so, we must have knowledge of  the following 
parameters to calculate the permissible charging time period 
for the CDI process: 
(a) The permissible level of  concentration in the output 

(product) water (cperm ppm),  
(b) Flow rate of  water in the system (Q ml/min),  

(c) Time constant for charging the capacitor (" sec),  
(d) Initial value of  the charging current (I0 A).  
The first parameter, the tolerable level of  concentration in the 
product water, is specified by the end user. Naturally, for 
higher permissible levels of  output concentration, the 
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charging can take place for a longer period. The second
parameter (flow rate) is a system parameter. In ideal 
conditions, we would like our system to have as high a flow 
rate as possible to ensure maximum throughput. However, 
higher flow rates would mean the ions are being pushed 
through the channel at a faster rate and are getting much less 
time during which they can be attracted and adsorbed on the 
electrodes. As a consequence, more number of  ions will tend 
to remain in the product water.

The final two parameters (c) and (d) stated above pertain 
to the variation in the charging current with time. We assume 
that the current in the charging phase exhibits a mono-
exponential decay profile and thus only these two parameters, 
the initial value and the time constant, are sufficient to 
determine its value at any point of  time. Our experiments 
show that the exponentially decaying profile provides an 
excellent approximation to the actual charging current
characteristics. The mathematical expression for the 
permissible charging cycle time can be derived in the 
following manner:  

Rate of  removal of  ions at any time t = ,  (3) 

where I(t) is the current at that time instant and F is the 
Faraday constant (96,485.3383 C/mole).  
Given that the flow rate in the system is Q ml/min,  

reduction in concentration (#c)t at time t = moles/ml 

  (4) 
Converting this value to a ppm (mg/l) concentration, we have:  

,  (5) 

where M is the molecular weight of  the salt (for NaCl, M = 
58.442 g/mol).  

It is evident that (#c)t is the critical parameter in making 

the decision when charging must end, because if  (#c)t falls 
below a minimum threshold value, the product water 
concentration will cross the permissible levels. The threshold 
value for the desalination required is given by:  

, (6) 

where cinput is the concentration of  the input water in ppm.  

Since, (#c)t must be greater than or equal to (#c)threshold, we 
can write from Eq. (5) and (6): 

. (7) 

Substituting for I(t) the exponential decay profile, given the 

initial charging current (I0) and the charging time constant ("), 
we get:   

. (8) 

Simplifying the above expression in the limiting case and 
putting M equal to 58.442 g/mol, we have: 

, (9) 

where tcritical is the maximum time for which the charging 
phase can be continued in one cycle.  

As stated in Sec – 3, the charging experiments were
performed in the no-flow state so as to enable us to obtain 
the maximum possible desalination for the volume of  water 
pumped into the channel before the start of  the charging 
phase. Given the no-flow constraint, the main sources of  
meaningful information are the current characteristics 
obtained as a function of  time during the charging cycle. The 
current curves obtained closely follow the classical 
exponential profile associated with charging of capacitors
with the following characteristic constants: I0 = 19.6 mA and 

" = 14.16 min. We also measured the difference in 
concentration before and after the charging cycle for the 
saline feed into the setup. The measured concentration 
difference for the water had a mean value of  35 ppm, with a 
standard deviation of  8 ppm. Furthermore, one can also 
compute this concentration difference by determining the 
mass of  ions removed from the current characteristic curves. 
It is found that the calculations based on the current curves 
predict a concentration difference of  35.8 ppm between the 
inlet and the outlet streams, given that the setups deionised a 
total volume of  160 ml. The experimentally measured 
concentration difference, therefore, shows excellent 
correspondence to the theoretically predicted concentration 
difference based on the charging current characteristic curves.  

Although the above calculations for the concentration 
difference obtained provide us with a reference point for the 
deionization process, it does not provide any insight for the 
computation of  the performance metrics, i.e. water recovery 
ratio and throughput. The key step towards quantification of  
these two metrics is the determination of  the permissible 
charging time value, as given by Eq. (9). Fig. 3 shows the plot 
of  permissible charging time (tcritical) versus flow rate (Q), 
obtained using Eq. (9), for different values of  permissible 
output concentrations (cperm): 
 

              
 
Fig. 3: Plot of  permissible charging time versus flow rate for 
different values of  permissible output concentration. The blue 
line, red line and black lines map the expected charging times 
for cperm equal to 30 ppm, 15 ppm, and 5 ppm below the input 
concentration respectively. Charging current parameters 

employed for this simulation: I0 = 19.6 mA and " = 14.16 min.  
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4.2 DISCHARGING PROCESS 

The discharging cycle observations are analyzed in this 
section to test the hypothesis presented in Sec–2. Additionally, 
these results, in conjunction with the observations of  Sec-4.1, 
enable us to compute the performance metrics of  the CDI 
process employing the AFD and PFD schemes, respectively.  
 

    
Fig. 4: Plot of  percentage ion removal as a function of  time 
for the AFD (cyan) and PFD (magenta) process for flow rate 
of  16 ml/min. The topmost curve (brown) quantifies the 
percentage of  ions detached from the electrical double layer 
of  the capacitive electrodes over the same time duration. 
  

Fig. 4 plots the percentage of  ions removed as a function 
of  time using the AFD and PFD schemes (for system flow 
rate of  16 ml/min). Here, the topmost curve, which is 
obtained from the experimental current calculations, 
represents the strict upper bound to the process, given the 
two-step heterogeneous reaction for the desorption and 
discharge from the system. The percentage of  ions removed 
was calculated by converting the ratio of  the mass of  ions 
removed at any instant of  time to the total mass of  ions 
detached from the paper in three time constants to a 
percentage value. The striking feature of  Fig. 4 is the 
distinctiveness of  the AFD and PFD profiles for the ion 
removal rate. It can be observed that over time scales in the 
range of  400-800 seconds, there is a significant difference in 
the ion removal capability of  the two processes (the time 
constant of  the discharging processes was measured to be 550 
seconds). Over time scales significantly longer than that 
mentioned above, the two mass transfer processes tend to 
remove ions from the system with equal efficiency. It should 
be noted that in three time constants a capacitor should 
discharge about 95 percent of  its accumulated charges. 

For the AFD case, the observed profile follows the 
expected S-shape as the primary phenomenon driving the 
AFD process is convection-diffusion. Typically, this kind of  
profile is associated with any mass transfer process that has 
any diffusive characteristics. The initial progress is fairly slow 
because the diffusion phenomenon needs a certain amount of  
time (sometimes called the time lag) to transfer the detached 
ions from the surface of  the porous electrode to the bulk of  
the channel. In addition, the axial flow velocity is maximum at 
the channel center and zero at the electrode surfaces. As a 
result, the convection process cannot flush out the ions till the 
diffusion process transfers the ions from the electrode surface 
towards the bulk of  the channel system. Furthermore, the 
initial concentration of  detached ions at the aerogel surface is 

not very high, which means that there exists only a limited
concentration gradient to drive the diffusion process. 
Subsequently, however, the electrode surface concentration 
rapidly picks up creating a sufficiently high concentration 
gradient in the lateral direction. As a consequence, the process 
speeds up on time scales longer than the lag time, and the 
convective flow is able to carry away the ions that have moved 
away from the electrode surface by lateral diffusion. On even 
longer time scales, after about 1400 seconds as observed from
Fig. 4, the process slows down as most of  the detached ions 
have already been removed. The discharging current has 
dropped down appreciably by this point of  time thereby 
releasing lesser number of  detached ions into the flow 
channel.  

For the PFD process, on the other hand, no characteristic 
lag can be observed in the experimental plot. The permeating 
flow discharge process removes the ions through the porous
electrodes in two different ways: (a) the first contribution 
comes from the solvent drag term, where the amount of  ion 
removal is directly proportional to the concentration on the 
electrode surface as per the modified Kedem-Katchalsky 
equation [11] and (b) the second contribution is from the 
diffusive flux that arises due to the concentration difference 
across the electrodes. The lack of  the characteristic lag time is 
because both the solvent drag and diffusion across the 
electrode respond to the build-up of  concentration at the 
electrode surface. The profile here mirrors the plot of  
cumulative ions detached from the EDL of  the aerogel 
electrode versus time. Depending on the concentration at the 
electrode, the solvent is able to drag a proportional number of  
ions along with the flow. In this case, the highest removal rate 
occurs when the concentration at the electrode is maximum, 
i.e. when the discharging current has reaches its highest value 
(more precisely, the removal rate is maximum when the 
cumulative build-up of  ions at the electrode is the highest). 
Moreover, once the electrode has been crossed the ion can be 
considered to be removed from the system, which is in sharp 
contrast to the AFD process where the lateral diffusion 
provides an intermediate pathway before the ion is finally 
flushed out by the convective flow. It is to be noted that the 
solvent drag term is much more effective as it is proportional
to the concentration at the electrode surface unlike the 
diffusive flux term which varies linearly with the difference in 
concentration between the two channels across the electrode 
surface. 

From Fig. 4, it is evident that the performance of  PFD in 
removing ions from the CDI system is significantly better 
than AFD on time scales close to the time constant of  the 
discharging circuit. Based on the previous discussions of the
physical processes that drive the different flow schemes, this 
behavior is expected as the PFD process is fast enough to 
remove the ions detached during the shorter time scales. This 
validates the hypothesis of  Sec-2, that the permeation flow 
scheme is able to remove ions at a much faster rate than the 
existing axial flow discharge schemes, under the same flow 
conditions. For example, the PFD and AFD processes require 
500 and 900 seconds, respectively, to remove 50% of the ions
from the system – a reduction of  nearly a factor of  two in 
discharging time. On longer time scales, however, due to the 
fall of  the discharging current and the speeding up of  the 
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convection-diffusion phenomenon the significant advantage 
of  PFD over AFD reduces.  

The above experimental observations reveal that the 
performance metrics of  the CDI system is intrinsically 
correlated to the percent of  ion removal from the system in 
each cycle, primarily because of  the fact that the discharge 
time varies as a function of  percentage of  ion removal from 
the system. Thus there is a need to formulate the performance 
metrics, i.e. water recovery ratio and throughput, as functions 
of  discharge percentages. It is to be noted that a lower 
discharge percentage means that the charging process is able 
to only partially utilize the aerogel paper, e.g. if  we only 
discharge up to 50% of  the total ions, the charging can take 
place from 50% to the point where the current falls below the 
threshold level, indicative of  insufficient deionization from 
the system. Nevertheless, if  the water recovery ratio per cycle 
increases substantially, the net effect of  the increased water 
recovery ratio and number of  cycles will more than 
compensate for the reduction of  throughput per cycle.  
 For the example of  50% discharging time mentioned in 
the above paragraphs, Eq. (9) yields that the charging time, for 
a flow rate of  16 ml/min and a 15ppm difference between the 
input and the acceptable output concentrations, is equal to 
approximately 350 seconds. The time required for the 
corresponding discharge cycles is 500 and 900 seconds for the 
PFD and AFD processes (also at 16 ml/min), respectively. To 
a first order approximation if  we neglect the time necessary 
for switching (transition and turnaround phases), we observe 
that the water recovery ratio for the PFD case is 
approximately 30% better than that obtained on employing 
the AFD process. It is to be noted that these parameters are 
not optimized for water recovery ratio and throughput but 
provide an indication of  the extent of  benefit that can be 
obtained by employing the PFD process. A detailed 
investigation of  the performance metrics for the two 
processes (AFD and PFD), along with the theoretical 
predictions of  the optimal flow rate, will be addressed in a 
future publication.  

5 CONCLUSION 

Desalination provides a technological solution to 
overcome the increasing barriers of  water scarcity by 
desalinating the abundant reserves of  seawater and brackish 
water. The existing desalination technologies, unfortunately, 
are unable to fill the space, primarily due the prohibitive 
energy costs associated with these processes. Over the last 
decade, the capacitive deionization technique has been 
earmarked as a promising approach to deionise saline water. 
However, this technique, while enjoying almost an order-of-
magnitude advantage in terms of  energy costs, is plagued by 
its poor water recovery ratio and limited throughput 
characteristics. These problems are a direct consequence of  
the coupling that exists between the charging and discharging 
processes. There exist three primary functional requirements 
for the complete CDI process whereas only two top-level 
design parameters are utilized to address these.  

In this paper, we use axiomatic design principles to 
propose a new discharge methodology, which can significantly 
raise the water recovery ratio and throughput of  the capacitive 
deionization technology. The underlying hypothesis of  this 

discharge technique, which we call the permeating flow 
discharge scheme, is that the ions detached from the electrical 
double layer of  the capacitive electrodes are removed at a 
faster rate by flow through the electrodes than by the 
conventional axial flow in between the electrodes. Based on 
the physical phenomena that determine the two discharge 
methods, namely solvent drag and internal diffusion, it is 
shown that the permeating flow discharge scheme is able to 
decouple the intrinsically coupled CDI process. 

Using a bench-top experimental setup, we have 
demonstrated that over time scales in the range of  the 
discharge circuit time constant, the permeating flow scheme is 
able to remove twice as many ions from the setup as the 
conventional axial flow technique. This implies a similar 
reduction in the discharge time, for reduced discharge percent 
cycles, resulting in an approximately 30% increase in the 
throughput of  the CDI process.  

Further work in consolidating this approach will involve 
the development of  a scaled-up facility to test the predictions 
for power consumption, water recovery ratio and throughput. 
Additionally, this facility will be able to determine the long-
term operational effectiveness of  the CDI process employing 
the permeating flow discharge scheme. The fabrication of  
supercapacitor materials, having significantly higher surface 
area than the existing carbon aerogel sheets, would also greatly 
aid in establishing this technology on an industrial scale.  
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ABSTRACT 

This paper describes a Six Sigma project which 
wants to reduce the percentage of  the defects in the 
production of  dashboards. The example shows the most 
important aspects of  the methodology:  it sheds a new light 
on the process comprehension and its possible application to 
everything we may define as process. The key issues are 
extensive application of  the methodology to all the processes, 
great flexibility and customization, the improvement 
opportunities identification and selection, and results 
evaluation and validation. 

Keywords: Thermoforming, Six Sigma, DOE, dashboard. 

 

1 INTRODUCTION 

Each of  the 5 phases DMAIC in which Six Sigma is 
structured (Define, Measure, Analyze, Improve and Control) brings 
more comprehension and problem solving and they set a few 
milestones that indicate the road to follow. The way these 
milestones are defined, the ability of  the people to understand 
the context, the proper efforts in order to gain the desired 
goals are issues that may influence the final results. Correct 
and appropriate use of  the tools, the scientific rigour of  the 
method, the step-by-step approach, and a strict time 
management of  projects are surely the basis for a success. In 
this paper the goal of  Six Sigma project is the reduction of  
the percentage of  the defects in the production of  dashboards 
(Figure 1). 

 

 

Figure 1. Dashboard 

 
 

2 SIX SIGMA PROJECT 

One of  the main goals of  Six Sigma is the need to know 
more in depth the process, especially when it is pretty new, so 
that it is possible to evaluate its weak and critical phases that 
could create manufacturing scraps. 

2.1 DEFINE   

Therefore, at the beginning the process is described 
with the necessary details in Define phase through SIPOC, that 
stands for Supplier-Input-Process-Ouput-Customer (as in 
Figure 2).  SIPOC defines also the boundaries of  the process: 
in this case the process is described through the sub-processes 
Silk-screen printing of  polycarbonate sheets, relative Drilling, Slot 
shearing and Thermoforming (“scope” of  the project). 
 

 

Figure 2. SIPOC 
 

In the industrial market of  car dashboards, only two 
Companies in Italy use the particular machine studied in this 
paper in order to thermoform the sheets. This process is 
complex due to different root causes that we want to analyze 
with this Six Sigma Project. The final client is Saab.  

In particular, the practical improvement to achieve is 
the reduction of  defects due to bad centering of  the silk-
screen printing of  the sheets. For this issue it is necessary to 
find a robust indicator that is representative of  the 
phenomenon considered or, in other words, Critical To 
Quality (CTQ) for the customer. 

In according to Saab we select as CTQ the 
horizontal distance showed in Figure 3: the USL (Upper 
Specification Limit) is 4,36mm and LSL (Lower Specification 
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Limit) is 3,96mm. A dashboard that has this distance out of
the range [3,96-4,36] is a defect and not acceptable from the 
Saab. 

Figure 3. The Critical To Quality (CTQ) indicator
 

Today the current value of  defects is 10% of  the 
total production; the goal of  this project is to achieve 0,005%. 
All these information are in the Project Charter filled out 
from the Team Leader (the Black Belt) where are defined the 
Team members, the constraints and the milestones of  the 
Project. 

As mentioned above, the first phase of  the process is 
the Silk-screen printing by means of  which the polycarbonate 
sheet “acquires” the design previously created by CAD using 
particular inks. 

In the Drilling phase the reference system useful for 
the following phase (Slot shearing) is created with some holes. 
The Slot shearing realized by die cutter uses the holes as 
reference system in order to maintain the sheet in the same 
position. This is necessary in order to guarantee the right 
reference of  the sheet during Thermoforming.  

This last phase performs the final product with the 
desired shape using an “ad hoc” machine. 

The machine of  the Thermoforming (see Figure 4) 
consists of  a paddle with 8 pins where it is possible to fix the 
sheet with Slot shearing.  
 

 
Figure 4. TThermoforming  machine (Niebling) 

 
In the examined Project we consider out-of-scope the 

Shearing and the Packing because they cannot contribute to the 

reduction of errors due to bad centering of the Silk-screen
printing of  the sheets.   

2.2 MEASURE  

After the Define phase, the correct view on the 
problem and on the relative process is ready. Now we can 
collect the data of  the process performance in order to have 
more information on the examined problem. This phase is 
Measure. 

In this phase the goal is to have the right focus on the 
process steps in order to discover the most critical ones where 
we have to attack the biggest losses in terms of  performances 
and costs. 

Using Cause-Effect or Fishbone Diagram (see Figure 
5) it is possible to highlight all potential causes that produce 
the no-good dashboard. 
 

 
Figure 5. Fishbone Diagram 

 
Regarding to the first bone, Silk-screen printing, we 

want to study in depth the centering problem: it depends on 
the expansion at high temperature of  the polycarbonate 
sheets due to the material elasticity and to the drying process.  

Regarding to the Drilling and Slot shearing bones, we 
can consider that their importance and contribution are quite 
low and not significant to achieve the goal of  the Six Sigma 
Project. 

The last bone is the Thermoforming executed by a 
German machine named “Niebling”: the non conformities 
during Thermoforming are due to operator and, in particular, to 
wrong setting of  the machine parameters. 

However Fishbone Diagram provides only a 
qualitative idea of  the main critical issues without a correct 
prioritization necessary to establish the sequence of  the 
actions to be taken. 

For this reason, by means of  FMEA (Failure Modes 
and Effects Analysis) it is possible quantify the importance of  
the potential causes in order to focus on the most critical 
process steps. 

This point is of  paramount importance: the 
recommended actions depend on the threshold values of  
RPN (Risk Priority Number) following the Severity as below: 
 

Table 1. FMEA: Severity vs. RPN   
Severity RPN 

9-10 !40 

7-8 !100 

4-5-6 !120 

1-2-3 !150 

F 5 Fi hb

Operator Expansion 

Material   

Drying 

Operator 

Wrong setting of  
the parameters 

No-good 
Dashboard

Silk-screen printing Drilling 

Slot shearing Niebling 
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The process steps that have RPN ! threshold values 
are considered critical ones and are the first to be “attacked” 
in order to reduce the relative RPN. 

2.3 DESCRIPTION OF THERMOFORMING MACHINE 

The Thermoforming machine is called Niebling: it 
consists of  a paddle with 8 pins (Figure 6) where it is possible 
to fix the polycarbonate sheet. The paddle brings the material 
into machine (Figure 7) and goes through the cycle returning 
the thermoformed-part to the operator: the machine has two 
plates depending on the shape and the geometry of  the mold 
to thermoform the polycarbonate sheet (Figure 8).  
 

 
Figure 6. Paddle  

 

 
Figure 7. The part before manufacturing  

 

 

Figure 8. The mold in the TThermoforming  machine  

Each plate has 42 tiles. The operator sets the 
temperature of  the plates and of  each tile in order to give an 
uniform distribution of  the heat to the part (see Section 2.5).  

The polycarbonate sheet is situated on the paddle 
that brings it between the two plates. Some parameters such as 
the Heating Time, Temperature of  Upper Plate and Lower 
Plate, are significant regarding to the process. 

Also the Mold Temperature, the Mold Maximum 
Pressure (Pmax), Pmax Time are important too; in the other 
hand the expansion depends on the Air Speed. 

All these 7 machine-parameters influence the 
Thermoforming.  

2.4 ANALYZE  

The main cause of  the scraps and claims is the 
variability.  Every process is characterized by a value of  
variability: the relative root-causes are common or special.  

The common causes are in the process, on the other 
hand the special causes are out-of-the process. The first ones 
can be eliminated only modifying the entire process and 
depend on the machine, tools, operators, measurement 
system, etc. On the other hand the second ones can be 
eliminated only attacking the singular external causes which 
are the source of  the variability. They depend on wrong 
calibration of  the measurement tool, use of  bad raw material, 
etc. 

As mentioned in Subsection 2.1, the performance of  
the process is measurable through CTQ: in particular we 
analyze 3 points for the left dial (Mark 0, 3 and 6) and in 4 
points for the right dial (H, L, 1/1 and 0/1), as shown in 
Figure 9. 
 

 
Figure 9. CTQs 

 
In the past, the operator modified one parameter at a 

time: since this modus operandi was very expensive, the 
companies forsook the experimentation phase and adopted 
new solutions without a deep knowledge of  the relative 
effects. 

Today in order to optimize the Thermoforming process 
we have to study the critical parameters and their interactions: 
the advantage of  a Design of  Experiments (DOE) is to find 
the best setting of  the previous critical parameters.  

The Design of  Experiments requires as first step the 
choice of  the factors and the relative levels. We use the 
ANOVA in order to evaluate the statistical significance of  
each factor. 
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Among the 7 parameters mentioned above, we don’t 
consider the variation of  Temperature of  Lower Plate, fixed at 
380°C, trade-off  between the maximum value allowed to the 
machine (400°C) and a low temperature that could increase 
the cycle time of  Thermoforming. Then we select Mold 
Temperature as “block”, since it would be difficult randomize 
it during the experimental runs. 

Summarizing we consider 5 factors and one block 
defining lower and upper levels for every parameter as below: 
 

Table 2. Levels of  Factors 

Factors 
Lower 
Level 

Upper 
Level 

Temperature of  Upper Plate 340°C 360°C 
Mold Maximum Pressure 150bar 250bar 
Air Speed 1m/s 5m/s 
Heating Time 10 s 11,4 s 
Pmax Time 4 s 7 s 
Mold Temperature (block) 100°C 120°C 

 
If  we apply a Full Factorial Design, from Figure 10 

we have 32x3 = 96 runs (considering 3 replicates). 
 

 

 
Figure 10. Factorial Design 

 
As well as the analysis of  the seven nicks, we want to 

measure the gap (in X and Y) between graphical center and 
mechanical center (“Centro grafico-mecc”) for both right and 
left dials. The mechanical center, always firm, is the center of  
the mold circumference, while the graphical center is the 
center of  the circumference passing for the end of  the nicks 
(internal and external circumference in Figure 11). 
 The measure of  this gap gains understanding of  the 
influence of  some machine parameters on the graphics 
deformations. From the experimental runs it is possible to 
analyze the results on statistical point of  view: at the 
beginning we consider the optimization for each singular 
CTQ, that is each singular nick for left (CTQ-0, CTQ-3, 
CTQ-6) and right (CTQ-H, CTQ-L, CTQ-1/1, CTQ-0/1) 
dial; then we find the optimization for the right on one hand 
and left dial on the other hand. In the end we set the levels of  
the main significant factors on statistical and physical 

perspective in order to optimize all seven CTQs of  the 
examined dashboard. 
 

 
Figure 11. Mold circumference (internal) and 

circumference passing for the end of  the nicks (external) 
 

About the optimization for CTQ-0 we consider the 
statistical analysis from ANOVA (Table 3) where both Main 
Effects and 2-Way Interactions are significant (P-value<0,05). 

 
Table 3. ANOVA for CTQ-0 (coded units) 

 
 

In particular the factors and the interactions are 
Temperature of  Upper Plate, Heating Time, Temperature of  
Upper Plate* Pmax Time (see Table 4). 

 
Table 4. P-Values for CTQ-0 

 
On graphical point of  view, we can analyze the 

statistical results looking at the Figure 12 (Main Effect Plot for 
CTQ-0) and the Figure 13 (Interaction Plot for CTQ-0).  

The graphical plots confirm the statistical 
importance of  the factors and of  the interactions. 
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Figure 12. Main Effect Plot for CTQ-0 
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Figure 13. Interaction Plot for CTQ-0 

 
From Matrix Plot (Figure 14) it is possible to 

observe that the 3 nicks are positive correlated each other. For 
this reason if  one nick has a external displacement, the same 
behavior happens for the others and vice versa.  
 

CT Q - 0

CT Q - 6

X Centro grafico - mecc Sx

CT Q - 3

4,5

4,0

3,5

4,50

4,25

4,00

4,84,44,0

0,00

-0,15

-0,30

4,54,03,5 4,504,254,00

Matrix Plot of CTQ - 0; CTQ - 3; CTQ - 6; X Centro grafico - mecc Sx

 
Figure 14. Matrix Plot for CTQ-0 

 
In the Matrix Plot there is a negative correlation 

between “0” and “X Centro grafico-meccanico” nick: the 
increase of  X, that consists of  the displacement of  the left 
dial “centro grafico” right bound, creates a movement of  “0” 
nick inbound.  

Another very useful tool is the Response Optimizer 
(Figure 15) which allowed to give evidence to the levels of  the 
factors that optimize the CTQ: 

- we have to set the Target and the specifications 
limits; 

- we can determine the optimal level for each factor 
(“Current”), that is obviously between “Hi” and 
“Low” ones; 

- the optimal D (Desiderability) is 1 
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Figure 15. Response Optimizer for CTQ-0 

 
The same procedure is analyzed for CTQ-3, CTQ-6 

and “X Centro grafico-mecc Left”; here we omit the singular 
results and graphics for each CTQ.  

After the study of  each singular nick the conclusions 
on left dial are: the most significant factors for the 3 nicks are 
Temperature of  Upper Plate and Heating Time. Therefore the 
behavior of  these 3 nicks is very similar each other, as they 
have the same positive correlation with the 2 factors 
mentioned above and each other.  

About the displacements (X and Y) of  the “centro 
grafico” vs. “centro mecc” (left dial): the “centro grafico” 
goes up and left bound increasing Temperature of  Upper 
Plate or/and Heating Time. Other results: on one hand if  X, 
the displacement of  the “centro grafico”, increases right 
bound, so a movement of  “0” nick is inbound; on the other 
hand if  Y, the displacement of  the “centro grafico”, increases 
going up, so a movement of  “3” nick is outbound. 

Now, after these considerations we have to set the 
optimal levels of  the factors for all nicks of  the left dial. Using 
Response Optimizer, we determine the factors’ levels able to 
optimize the CTQ-0, CTQ-3, CTQ-6 (Figure 16).  
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Figure 16. Response Optimizer: CTQ-0, CTQ-3, CTQ-6 

 
As the significant factors on statistical perspective 

are two, using Contour Plot, we determine for each nick the 
area where to search the optimal levels of  these 2 factors. 
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Then using Overlaid Contour Plot we optimize all 3 
nicks simultaneously.  

By means of  Contour Plot we determine the areas 
with different colours (different ranges of  CTQ) depending 
on the combination of  the factors’ levels. In Figure 17-18-19 
we have the Contour Plot of  CTQ-0, CTQ-3, CTQ-6. 
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Figure 17. Contour Plot of  CTQ-0 
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Figure 18. Contour Plot of  CTQ-3 
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Figure 19. Contour Plot of  CTQ-6 

 
First of  all for each plot we give evidence of  the area 

able to satisfy the target of  CTQ and then we select the best 
levels for each nick in order to optimize simultaneously all the 
nicks. 

This goal is possible using directly Overlaid Contour 
Plot. Response Optimizer provides the levels for the non-
significant factors (Mold Maximum Pressure=250bar, Air 
Speed=1 m/s and Pmax Time=7 s); Overlaid Contour Plot 
(Figure 20) shows the area (white colour) of  the best setting 
of  the significant factors’ levels. 
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Figure 20. Overlaid Plot: CTQ-0, CTQ-3, CTQ-6 

 
Now we have completed the optimization of  the left 

dial: we have to do the same procedure (study of  singular 
nicks and then their simultaneous optimization) for the right 
dial. 

The most significant factors for the 4 nicks of  the 
right dial are Temperature of  Upper Plate and Heating Time. 
The behavior of  these 4 nicks is quite similar to 3 nicks of  the 
left dial, since they have a positive correlation with 2 
significant  factors and, for this reason, also with each other. 

About the displacements (X and Y) of  the “centro 
grafico” vs. “centro mecc” (right dial): the “centro grafico” 
goes up increasing Temperature of  Upper Plate or/and 
Heating Time. As the displacement Y of  the “centro grafico”, 
is up bound, as a movement of  the four nicks is outbound. 

Using the same procedure executed for the left dial, 
we determine the optimization also for the right dial. 

Response Optimizer provides the levels for the 
factors which optimize CTQ-H, CTQ-L, CTQ-1/1, CTQ-0/1 
(Figure 21).  
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Figure 21. Response Optimizer: CTQ-H, CTQ-L, CTQ-

1/1, CTQ-0/1  
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As the significant factors on statistical perspective 
are two, using Contour Plot, we determine for each nick the 
area where to search the optimal levels of  these 2 factors.  

The levels provided previously by Response 
Optimizer for the non-significant factors are used to build the 
Overlaid Contour Plot.  

At the end Overlaid Contour Plot (Figure 22) shows 
the area (white colour) of  the best setting of  the significant 
factors’ levels for the 4 nicks simultaneously. 
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Figure 22. Overlaid Plot: CTQ-H, CTQ-L, CTQ-1/1, 

CTQ-0/1 

 
We have two optimal solutions: on one hand the left 

dial, on the other the right one. Now it’s necessary to calculate 
the area (Figure 23) of  the significant factors’ levels able to 
optimize simultaneously all seven CTQs (CTQ-0, CTQ-3, 
CTQ-6, CTQ-H, CTQ-L, CTQ 1/1, CTQ-0/1). 
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Figure 23 Overlaid Plot: CTQ-0, CTQ-3, CTQ-6, CTQ-

H, CTQ-L, CTQ-1/1, CTQ-0/1 
 

At the end of  this deep analysis, using again 
Response Optimizer, it provides the levels for each factor 
which optimize all seven CTQs, that are CTQ-0, CTQ-3, 
CTQ-6, CTQ-H, CTQ-L, CTQ 1/1, CTQ-0/1 (as we can see 
in Figure 24). 
 
 

 
Figure 24. Response Optimizer: CTQ-0, CTQ-3, CTQ-6, 

CTQ-H, CTQ-L, CTQ-1/1, CTQ-0/1  
 

2.5 IMPROVE & CONTROL 

After the first 3 steps of  DMAIC the Six Sigma 
project in Improve phase can “walk the talk”. In other words it 
is possible to deploy the analytical and statistical information 
in recommended actions! From the theory to the reality 
through good practice! On the other hand it’s obviously true 
that an improvement without the necessary deep analysis 
could be very often less efficient and complete. 

Without any kind of  doubt after the Definition of  the 
problem (Define), after the data collection of  the most 
representative indicators of  the process (Measure) and after the 
correct analysis of  the root-causes by means of  statistical 
tools and a scientific approach (Analyze) we have a very good 
knowledge of  the problem and it is possible not to “jump” to 
the solutions, but to “drive and sustain” them. 

In particular in Improve phase we have two kind of  
improvements: 

1. “Just Do It”; 
2. “Classical” Improve. 
The “Just Do It” actions are called also blitz Kaizen 

Events; usually they don’t require deep statistical analysis, 
because the problem is clear and the process is already known 
in terms of  root-causes. In this situation first of  all is 
important to restore basic conditions, that often are sufficient 
to gain good savings without expensive actions. 

In our project, as the distribution of  the heat was not 
uniform (Figure 25), the first improvement is “Just Do It”: the 
goal is to guarantee the homogeneous temperature for each 
tile (Figure 26). 
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   Figure 25. Non-uniform distribution of  the heat  

 

 
   Figure 26. Uniform distribution of  the heat  

 
To achieve this goal is possible using an infrared 

camera in order to observe the distribution of  the heat, so 
that we adjusted consequently the contribution of  each tile of  
Upper Plate and Lower one (42 upper tiles + 42 lower tiles).  

The uniform distribution of  the heat is also a 
request necessary to apply correctly the DOE: as matter of  
fact if  we modify some factors (Temperature of  Upper Plate 
and Lower Plate, Heating Time, etc.), the output is linear in 
every area of  the product, otherwise this would be impossible.  
Therefore, if  the distribution is not uniform, we could have 
products with different outputs even without any change of  
the factors’ levels.  

About “Classical” Improve, we set the factors’ levels 
as calculated by means of  statistical tools used in Analyze 
phase: the best setting of  Control Factors is in Table 5 
 

Table 5. Best setting of  Control Factors 
Temperature of  Upper Plate 354,46 °C 
Mold Maximum Pressure 249,99 bar 
Air Speed 1,78 m/s 
Heating Time 10,10 s 
Pmax Time 6,99 s 

 
The final goal is minimizing the effect of  the Noise 

Factors and maximizing the robustness of  the product, that 
has a reduced variability in terms of  output (CTQs). 

After these actions, the results were very positive and 
according to expectations. The final phase (Control) in the 
project is now to sustain the improvements for the future. The 
tool that is able to monitor day by day the performance of  our 
process is Control Chart (X bar-R). 
 

3 CONCLUSION 

The Six Sigma approach provides a scientific procedure 
and very focused on the results. The use of  very significant 
statistical details can give a deep knowledge of  the entire 
process. Through Define phase we decide to attack the most 
important root-causes in order to optimize as more as 
possible the CTQs selected from the Customer. 

In particular in this paper the goal of  the Six Sigma 
project is the reduction of  defects due to bad centering of  the 
silk-screen printing of  the sheets. 

Among different sub processes to be examined the most 
critical one is Thermoforming process.  

The described project “drives” the improvements 
especially of  the Thermoforming process during the manufacture 
of  the car dashboards. The statistical analysis in Analyze phase 
allowes the best setting of  machine-parameters able to 
optimize the CTQs to have a good centering of  the silk-
screen printing of  the sheets. 

In conclusion, the duration of  this project took 3 months 
after, the process performance increased as the target of  
Project Charter and the relative savings were 70.000 
Euro/year.  

If  we want a potential further improvement of  the 
reduction of  the defects, the obtained result is a very good 
starting point of  a next DOE: we could consider obviously 
only 2, instead of  previous 5, Control Factors (Temperature 
of  Upper Plate, Heating Time) and model the robustness of  
the process against Noise Factors. 
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ABSTRACT 

The aim of  this work is to present a methodology for 
optimising the costs of  some industrial products that are 
coupled designs based on Axiomatic Design (AD). The 
proposed methodology consists in combining Response Sur-
face Methodology (RSM) and Axiomatic Design as applied to 
both the engineering characteristics and cost functions of  the 
products through a common set of  explanatory design vari-
ables. The response surfaces are generated during the develop-
ment of  the product’s prototype, and the methodology allows 
predicting the values for the design parameters of  other pro-
ducts of  the same family, in order to fulfil the functional 
requirements at a prescribed cost. The paper includes a case 
study related to the development of  rubbercork raw material. 

 
Keywords: Axiomatic Design, Response Surface Metho-

dology, industrial costs, product development. 

1. INTRODUCTION 

Product performance can be appraised by using the so-
called engineering (or applied) sciences, which development 
was significantly enhanced since the beginning of  the 19th 
century, as a consequence of  the Industrial Revolution. 

Concerning to the cost of  products, they always have 
been important but their significance is growing faster and 
faster after World War II, since the global market driving for-
ces of  supply and demand turn out to be prevalent. There-
fore, there is a need for dependable procedures for the early 
cost estimation of  products, in order to allow good decision-
making from the outset of  the product’s design process [1]. 

The main difficulty in attaining reliable, early cost 
estimates is due to the manner in which data are handled by 
the adopted costing systems, and often cost estimation is only 
possible to attain after the product has been designed. By this 
time, however, it is too late for efficiently implementing a 
“design for manufacturing” strategy. In fact, it is more diffi-

cult and expensive to make changes in a product after its de-
sign solutions have been already selected. 

Therefore, the adoption of  efficient, reliable cost 
estimation methodologies became crucial to enhance the 
concurrent engineering teams, concerning to lowering costs 
and time-to-market while improving the product’s performan-
ce [2]. 

Efficient cost estimating methodologies should allow 
capturing the main features (or relevant variables) of  a given 
product, in order to make them useful in the cost estimation 
of  new products with some degree of  similitude in the course 
of  their design and development process. The performance 
of  these methodologies can be enhanced by simulation, as a 
means to better understand how the design parameters can be 
optimised during the development of  the products [3]. This 
can be done through design of  experiments (DoE) leading to 
the representation of  the results in the form of  response 
surfaces or hyper-surfaces. 

A methodology for optimising the costs of  industrial 
coupled designs based on AD and RSM is presented in this 
paper, with the aim of  crossing the ranges of  good product 
performance with the ranges of  low industrial cost, which 
implies that both performance and cost must be expressed in 
terms of  the same variables. This allows constructing cost 
models with which one can derive meaningful manufacturing 
cost estimates based on data that was previously collected. 

2. THE PROPOSED METHODOLOGY 

The proposed methodology consists in combining the 
Response Surface Methodology [4] and Axiomatic Design [5], 
as applied to both the engineering characteristics and cost 
functions of  the products through a common set of  explana-
tory design variables. 

The methodology allows representing the response of  
the product to the specified design variables within their 
interesting ranges of  values, as carried out during the proto-
type development.  
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The aim of  the proposed methodology is to combine 
different functional requirements and/or constraints in such a 
way that allows for multi-criteria decisions. This is made com-
bining data acquired in a set of  experiments that are 
represented by a response surface. The surface of  the cost is 
derived from the knowledge about the costs of  materials and 
the costs of  the manufacturing processes. This can be 
achieved during the product’s development phase if  a 
concurrent engineering background is used, since it is need 
data and knowledge from several sectors. A crucial factor to 
combine data and knowledge is representing technical and 
costs data in terms of  the same variables.  

The following case study explains how this was possible 
in an industrial case that was successfully achieved. 

3. A CASE STUDY 

3.1 THE RUBBERCORK PRODUCTION 

Rubbercork is a composite material that combines some 
noteworthy rubber features — such as durability and swelling 
resistance to the action of  lubricants and hydraulic fluids — 
with the outstanding cork characteristics in what regards to 
compressibility, recovery and low Poisson coefficient. These 
properties are suitable for sealing gaskets for engines, gear 
boxes and hydraulic equipment, natural gas meters, voltage 
transformers, as well as for static sealing of  industrial oils, 
solvents, lubricant greases, refrigerating fluids, water and 
gases, just to name a few. 

The main rubbercork engineering specifications are the 
tensile strength, the compressibility, the recovery, the 
flexibility, the hardness and the swelling resistance to lubri-
cants and hydraulic fluids. 

Those characteristics depend on a number of  design 
variables expressing the relative quantities of  constituents, as 
well as on the in-mould mass per volume unit, a property that 
is closely related to the density of  the final product. 

The typical constituents of  rubbercork are: elastomer, 
cork granulate, plasticizer, inert fillers, activators, vulcanizers, 
accelerators, and antioxidants. The relative quantities of  the 
first four constituents govern the physical proprieties of  the 
composite, while the last four control the chemical reactions 
of  vulcanization and prevention against oxidation. 

Since the relative quantities of  activators, vulcanizers, 
accelerators, and antioxidants are usually set to some 
unchanging, reference production values, only the relative 
quantities of  elastomer, cork granulate, plasticizer and inert 
fillers, as well as the in-mould mass per volume unit, are 
considered design variables. 

The rubbercork manufacturing process is performed 
through a chain of  technological operations as shown in Fig. 
1. First, the different constituents are mixed in internal mixers 
and homogenised in roll mills, as usually in the rubber 
industry [6]. The mixture is subsequently poured into steel 
moulds. A definite mass of  mixture remains inside each 
mould while it is closed under controlled pressure. Next, the 
material is vulcanized during several hours at around 165º C. 
The vulcanizing time depends on the size and shape of  the 
moulds. The composite is demoulded after cooling down, and 
the cured product is further processed and delivered in blocks, 
sheet or stamped gaskets. 

Due to the small number of  manufacturers all over the 
world, and to the lack of  scientific knowledge about rubber-
cork, the product development is usually based on the 
expertise acquired over the years by the technical staff  of  
small and medium enterprises. As a rule, costumers require 
some engineering specifications for a rubbercork product and 
manufacturers develop the composite material according to 
those requirements, which is usually achieved through a time 
consuming series of  trial-and-error experiments. 

Therefore, our goal was to identify the most relevant 
design variables and to find out phenomenological models 
that could be used to predict the product’s final characteris-
tics, including performance and cost, in a short time and with 
a small number of  experiments. 

 

 
Figure 1. The rubbercork manufacturing process flowchart [7] 

 
Despite the apparent simplicity, rubbercork engineering 

characteristics depend on several process variables, namely, 
mixing temperature and time, and vulcanization temperature 
and time. The process variables are essentially dependent on 
the available production equipment and are usually set to a 
general-purpose production condition. 
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3.2 THE PERFORMANCE ANALYSIS 

As a means to satisfy the typical requirements of  a large 
number of  customers, the rubbercork responses that were 
experimentally studied in this performance analysis were the 
tensile strength, T, the compressibility, C, and the recovery, R. 
The considered design variables were the in-mould mass per 
volume unit, X1, the relative cork quantity, X2, the relative 
plasticizer quantity, X3, the relative inert filler quantity, X4, and 
the cork granule size range, X5.  

Our experimental research was divided into two phases, 
and an ISO 9001 qualified rubbercork producer has made all 
the required block specimens that were used in the experi-
ments, as well as all the related tests according to the appro-
priate ASTM standards [8, 9]. One single specimen was 
employed for each experiment, from which nine samples 
evenly gathered from the entire specimen volume were tested 
for each one of  the three responses under analysis. 

A hypothetic polynomial function was explored in order 
to correlate the j-th experimental response, Yj, to the design 
variables, Xi, within the usual manufacturing ranges, in order 
to find out relationships of  the type: 

  
Y

j
= f

j
X

1
,X

2
,...,X

k( ) +!
j
,          (1) 

where !j is the experimental random error. 
 

Table 1. Values of the design variables (1st phase) 
xi levels  

Variables 
-1 +1 

In-mould mass per volume unit (kg/m3) X1 710 750 

Relative cork quantity (PHR) X2 170 210 

Relative plasticizer quantity (PHR) X3 15 25 

Relative inert filler quantity (PHR) X4 85 115 

Cork granule size (mm) X5 1~2 2~4 

 

Table 2. Design of experiments and results (1st phase). 

 

The first phase of  the experiment consisted in a “screen-
ing” procedure aimed at identifying the relevant design 
variables. A full factorial design of  experiments with the five 
variables at two levels, totalling 32 experiments, was per-
formed in this phase. 

Table 1 presents the values of  the five original design 
variables as coded to the levels -1 and +1. The amounts of  
constituents are expressed in terms of  relative weight (PHR - 
parts per hundred of  rubber), while Table 2 contains the 
design of  experiments and the results that were attained 
through tensile, compressibility and recovery tests. 

The significance of  the design variables for the different 
responses were assessed through the ANOVA tables pre-
sented in the Tables 3, 4 and 5, by comparing the results of  
the F-test with the critical value of  the F distribution for a 
significance level of  5%. 

 
 
 
 

Table 3. ANOVA table relative to tensile strength 
 Square sum DoF Mean square F 
x1  0,6470 1 0,6470 64,97 
x2 0,0063 1 0,0063 0,64 
x3 0,0195 1 0,0195 1,96 
x4 0,0570 1 0,0570 5,72 
x5 0,2129 1 0,2129 21,38 
x1 x2 0,0017 1 0,0017 0,17 
x1 x3 0,0237 1 0,0237 2,38 
x1 x4 0,0034 1 0,0034 0,34 
x1 x5 0,0488 1 0,0488 4,90 
x2 x3 0,0001 1 0,0001 0,01 
x2 x4 0,0003 1 0,0003 0,03 
x2 x5 0,0004 1 0,0004 0,04 
x3 x4 0,0957 1 0,0957 9,61 
x3 x5 0,0014 1 0,0014 0,14 
x4 x5 0,0205 1 0,0205 2,06 
Residual 0,1593 16 0,0100  
Total SS 1,2978 31   

R2 = 0.877; " = 5%; F(1,16,0.05) = 4.49 

 

 

 

 

Table 4. ANOVA table relative to compressibility 
 Square sum DoF Mean square F 
x1  73,3059 1 73,3059 21,58 
x2 60,5917 1 60,5917 17,84 
x3 23,0634 1 23,0634 6,79 
x4 18,0500 1 18,0500 5,31 
x5 4,4750 1 4,4750 1,32 
x1 x2 2,2934 1 2,2934 0,68 
x1 x3 1,2934 1 1,2934 0,38 
x1 x4 0,0003 1 0,0003 0,00 
x1 x5 5,8653 1 5,8653 1,73 
x2 x3 6,3903 1 6,3903 1,88 
x2 x4 0,0834 1 0,0834 0,02 
x2 x5 1,0634 1 1,0634 0,31 
x3 x4 0,5084 1 0,5084 0,15 
x3 x5 5,8084 1 5,8084 1,71 
x4 x5 0,2167 1 0,2167 0,06 
Residual 54,3439 16 3,3965   
Total SS 257,3527 31     

R2 = 0.789; " = 5%; F(1,16,0.05) = 4.49 
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Table 5. ANOVA table relative to recovery 
 Sq. sum DoF Mean sq. F 

x1  0,1012 1 0,1012 0,39 
x2 0,6422 1 0,6422 2,47 

x3 0,8022 1 0,8022 3,08 
x4 1,0272 1 1,0272 3,95 
x5 7,6050 1 7,6050 29,22 

x1 x2 0,0200 1 0,0200 0,08 
x1 x3 0,0939 1 0,0939 0,36 
x1 x4 0,0050 1 0,0050 0,02 

x1 x5 0,6422 1 0,6422 2,47 
x2 x3 0,0035 1 0,0035 0,01 
x2 x4 1,2535 1 1,2535 4,82 
x2 x5 1,9012 1 1,9012 7,30 

x3 x4 0,1901 1 0,1901 0,73 
x3 x5 0,0235 1 0,0235 0,09 
x4 x5 1,3612 1 1,3612 5,23 

Residual 4,1644 16 0,2603   
Total SS 19,8365 31     

R2 = 0.790; " = 5%; F(1,16,0.05) = 4.49 

 
From Tables 3, 4 and 5, according to Axiomatic Design 

[5], the design equation for the rubbercock product is: 
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where T, C and R are the tensile strength, the compressibility 
and the recovery responses of  the rubbercork product, and 

the symbols X and 0 represent high and low significance of  
the associated design variables. 

As one can see, Eq. (2) represents a coupled design. In 
brief, this means that when designing a new rubbercork 
product, it would be impossible to set the design variables to 
fulfil all the functional requirements simultaneously. In addi-
tion, it would be impossible to set most of  the responses 
without disturbing the other responses. Because of  this, 
setting the design variables of  such a product should be done 
in an iterative way, and the success of  this expensive and time-
consuming process is not guaranteed. 

Since one of  the goals of  this research was to find out 
relationships that could be helpful in genuine industrial 
product design, one had to understand what design variables 
should be made constant so that the design equation becomes 
decoupled. 

This means that two variables should be selected for 
setting them to constant values, so that we can have a design 
equation with three functional requirements, three design vari-
ables and a 3x3, diagonal or triangular design matrix. In fact, 
the AD’s Independence Axiom states that the functional 
requirements of  a design should be fulfilled an independent 
manner, and Theorem 4 states that in an ideal design the 
number of  design variables equates to the number of  
functional requirements [5]. Noting that uncoupled and 
decoupled designs are acceptable design solutions and have, 
respectively, diagonal and triangular matrices [5], one could 

conclude that a possible approximation to a decoupled design 
that one could obtain from Eq. (2) is given by: 
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which means that the design variables x3 (relative plasticizer 
quantity) and x4 (relative inert filler quantity) must be set to 
some specific values, in order to satisfy Theorem 4. Therefore, 
taking in account the attained experimental results and the 
historical of  the producer, it was decided to set those variables 
to values that were supposed to satisfy most of  the targeted 
customers. 

Anyway, note that Eq. (3) does not represent either an 
uncoupled or decoupled design, which means that the 
difficulty described above could not be completely surpassed. 

In an industrial point of  view, however, the cork granule 
size range (c.g.s.r.), x5, is treated in a different way than the 
other two design variables, since the cork granulate usually 
comes in only two size ranges, sometimes three. Moreover, the 
granule size range selection is usually made at the outset of  
development process, and sometimes the costumer imposes 
the value for this design variable. 

In our case, the available granule size ranges were 1~2 
mm and 2~4 mm. Thus, we decided to make separate per-
formance analyses in a second experimental phase for the two 
granule size ranges that were available to us. This corresponds 
solve two distinct decoupled designs — one for each granule 
size range — according to the following design equation: 
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a condition that is acceptable in the light of  Axiomatic 
Design. 

In fact, this condition allows attaining the required com-
pressibility by adjusting only the relative cork quantity. Then, 
one can set only the in-mould mass per volume unit to fulfil 
the required compressibility without disturbing the previously 
attained tensile strength. In the end, one has just to check if  
the resulting recovery is within the required range. 

The main goal of  the second phase was to accurately 
analyze the relationships between the responses and the se-
lected design variables, including the study of  the possible 
cross-effects. This was achieved through a second set of  
experiments, which also aimed finding out a phenomenologi-
cal model represented by a second-degree polynomial func-
tion of  the type 
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where Y is the response under analysis, #0, #ii, #ij are the 
polynomial coefficients, n is the number of  coded explanatory 

variables, xi, xii, xij, and ! is the experimental random error. 
Thus, a central composite design (c.c.d.) model with two 

variables at five value levels was used. The influence of  the in-
mould mass per volume unit, X1, and of  the relative cork 
quantity, X2, were studied for each granule size range 
separately, totalling 20 experiments. The results for the first 10 
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experiments — related to the granule size range 1~2 mm — 
are presented here. 

Table 6 displays the real and the coded values for the 
design variables, and Table 7 shows the results of  the experi-
ments. Tables 8~9 show the ANOVA tables, and Tables 
10~11 show the coefficients of  regression, standard deviation 
and t values. 

 
Table 6. Values of the design variables (2nd phase) 

xi Levels 
Variables 

-!2 -1 0 1 +!2 

In-mould mass per volume 
unit (Kg /m3) 

X1 659 680 730 780 801 

Relative cork quantity 
(PHR) 

X2 128 140 170 200 212 

 
 

Table 7. Design of experiments and results (2nd phase) 
x1 x2 Tensile Strength (MPa) Compression (%) 

-1 -1 2,40 37,5 
-1 +1 2,52 32,9 
+1 -1 2,85 30,3 
+1 +1 3,09 27,6 
-!2 0 2,35 36,5 
+!2 0 3,08 26,4 

0 -!2 2,61 35,5 
0 +!2 3,03 27,6 
0 0 2,75 32,4 
0 0 2,88 29,8 

 
 

Table 8. ANOVA table relative to tensile strength (2nd phase) 
 Sq. sum DoF Mean square F 

x1 0.5261 1 0.5261 110.34 

x1
2 0.0174 1 0.0174 3.65 

x2 0.1102 1 0.1102 23.11 

x2
2 0.0005 1 0.0005 0.11 

x1 x2 0.0021 1 0.0031 0.66 

Residual 0.0191 4 0.0048  

Total SS 0.6774 9   

R2 = 0.972; " = 5%; F(1,4,0.05) = 7.71 
 

 

Table 9. ANOVA table relative to compressibility (2nd phase) 
 Square sum DoF Mean square F 

x1 89.8623 1 89.8623 57.15 

x1
2 0.3889 1 0.3889 0.25 

x2 42.5505 1 42.5505 27.06 

x2
2 0.5779 1 0.5779 0.37 

x1 x2 0.8815 1 0.8815 0.56 

Residual 6.2895 4 1.5724  
Total SS 140.2704 9   

R2 = 0.955; " = 5%; F(1,4,0.05) = 7.71 
 

 

Table 10. Coefficients of regression for tensile strength 
 Coefficient Std deviation t 

Indep. coeff. 2.8150 0.0488 57.654 

x1 0.2564 0.0244 10.504 

x1
2 -0.0617 0.0323 -1.912 

x2 0.1174 0.0244 4.808 

x2
2 -0.0106 0.0323 -0.329 

x1 x2 0.0281 0.0345 0.813 

R2 = 0.972; " = 5%; |t|>2.776 

Table 11. Coefficients of regression for compressibility 
 Coefficient Standard deviation t 

Independent term 31.1111 0.8867 35.087 

x1 -3.3516 0.4433 -7.560 

x1
2 0.2917 0.5865 0.497 

x2 -2.23063 0.4433 -5.202 

x2
2 0.3556 0.5865 0.606 

x1 x2 0.4694 0.6270 0.749 

R2 = 0.955; " = 5%; |t|>2.776 
 
From Tables 10~11, one can find the following estimate 

expressions: 

  
T = 2.82 + 0.26x

1
+ 0.12x

2
 (R

2
=0.97)      (6) 
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1
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2
  (R

2
=0.96)      (7) 

From Eq. (6) and Eq. (7) one can conclude that the 
design equation for the 1~2 mm cork granule size range is 
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Eq. (8) denies the decoupled nature of  the design that 
was stated by Eq. (4), and this discrepancy is easy to explain: 
Eq. (4) derives from a two-level DoE, which gives a linear 
model, and Eq. (8) comes from a five-level DoE, which yields 
to a more accurate polynomial model of  the 2nd order. 

Figures 2 and 3 show graphical representations of  Eq. (6) 
and Eq. (7). 

 

 
Figure 2. Projection of  the tensile strength (MPa) surface over 

the plane x1Ox2 

 

 
Figure 3. Projection of  the compressibility (%) surface over 

the plane x1Ox2 
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A short validation procedure was carried out to appraise 
the quality of  the predictions that one can obtain through 
Eqs. (6) and (7). Table 12 shows the experimental conditions 
used for the validation tests, and Table 13 contains the results 
that were attained. 

 
Table 12. Experiments for the validation of the models  

Exp. 
c.g.s. 
(mm) 

x1 

(X1) 
x2 

(X2) 
Tensile strength 

(Mpa) 
Compressibility 

(%) 

1 
-0.8 

(690) 
0.4 

(182) 
2.47 35.9 

2 
0.3 

(745) 
-0.9 

(143) 
2.8 32.2 

3 
0.1 

(735) 
0.8 

(194) 
2.78 30.7 

4 

1-2 

0.9 
(775) 

-0.5 
(155) 

2.94 30.4 

 
Table 13. Calculated and experimental responses 

Exp. 
Tensile 
strength 
(Calc.) 

Tensile 
strength 
(Exp.) 

Var. 
(%) 

Compr. 
(Calc.) 

Compr. 
(Exp.) 

Diff. 
(%) 

1 2.66 2.47 7.7 32.9 35.9 -8.4 
2 2.79 2.80 -0.4 32.2 32.2 0.0 
3 2.94 2.78 5.8 28.9 31.7 -8.8 
4 2.99 2.94 1.7 29.2 30.4 -3.9 

 
One can see that the difference between the calculated 

and the experimental results is always less that 10%. 

3.3 COST ANALYSIS 

The cost function in Euro/m3 of  a rubbercork compo-
site mixture, CM, at 2003 prices, is given by [7] 

  

C
M

= X
1

C
1
 + 0.01!C

C
! X

2

C
2
 + 0.01! X

2

         (9) 

where C1 and C2 are constants that represent, respectively, the 
cost per kg of  rubber and the weight per kg of  rubber of  all 
the raw materials except cork, CC is the cork cost per kg of  
rubber, X1 is the in-mould mass per volume unit, and X2 is the 
relative cork quantity. 

For the 1~2 mm cork granule size range, there is: 
C1 = 1.839 EUR/kg of  rubber, 
C2 = 2.313 kg/kg of  rubber, and 
CC = 1.950 EUR/kg of  rubber. 
Thus, the cost per cubic metre of  the studied mixture is 

given by [7] 

  

C
M

= X
1

1.8390 + 0.0195 ! X
2

2.3130 + 0.0100 ! X
2

,       (10) 

In order to have Eq. (10) expressed in terms of  coded 
variables, it is necessary to make the same variable transfor-

mations that were used to build Table 6: 
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Therefore, the cost of  the studied mixture expressed in 
terms of  coded variables is given by 
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2
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2

.      (13) 

Eq. (13) is graphically represented in Figure 4. 
 

 
Figure 4. Projection of  the mixture cost (Euro/m3) surface 

over the plane x1Ox2 

 

3.4 PERFORMANCE AND COST 

INTEGRATION 

We are now in position to find out interesting zones in 
terms of  variables — i.e., zones where one can find out some 
suitable response values at different costs. This can be done 
by superposing the tensile strength surface (Fig. 2) with the 
compressibility (Fig. 3) and the mixture cost (Fig. 4) surfaces, 
as shown in Figure 5. 

 

 
Figure 5. Simultaneous projection of  the tensile strength, 

compressibility and cost surfaces over the plane x1Ox2 
 
A brief  example shows how to proceed. 
Let us suppose that one has to manufacture two different 

rubbercork composites — Product 1 and Product 2 — for 
which one knows the required minimum tensile strength and 
the compressibility range: 

Product 1: Tmin = 2,8 MPa; C = 25~30 %. 
Product 2: Tmin = 2,7 MPa; C = 30~35 %. 
These specifications for the functional requirements 

should be achieved at the lowest possible cost. Notice that the 
relative plasticizer quantity, X3, the relative inert filler quantity, 
X4, and the cork granule size range, X5, were kept constant — 
i.e., at the usual values for the production line. 
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The light grey zones of  Fig.s 6~7 show the pairs of  
values (x1, x2) that accomplish both functional requirements. 
The dark grey zones indicate the lower possible cost for both 
products. For both products, the minimum manufacturing 
cost is below 900 Euro/m3. 

 

 
Figure 6. Tensile strength, compressibility and cost ranges for 

Product 1 

 
Figure 7. Tensile strength, compressibility and cost ranges for 

Product 2 
 
The given examples show a maximum possible cost vari-

ation of  8,7% for Product 1 and 6,3% for Product 2, which 
cannot be neglected if  one wants to achieve the minimum 
cost for the required performance.  

4 CONCLUSIONS 

In an economy where doing it “right at first time” is 
critical, the existing of  predictive tools is very important, 
especially when there are not scientific laws for modelling the 
response of  the products under design. 

This paper presented a methodology that promotes the 
integration of  data from the product the development, the 
manufacturing and the costs departments of  a small company. 
The integration was attained by using AD as a means to 
interpret the results of  design of  experiments, in order to 
minimize the costs of  products which designs are coupled 
through early, time-saving decisions on how the manufactur-

ing variables should be set by taking in account the independ-
ence axiom. 

The design tactics consists in using design of  experiments 
to detect the variables that are causing couplings, so that they 
can be “frozen” in a systematic manner. 

The proposed methodology allows for: 
- acquiring a better perception on the behaviour of  the 

production processes; 
- finding out solutions that are compatible with the 

application of  simultaneous criteria for decision-mak-
ing, especially to take in account functional perform-
ance and economical requirements. 

- expressing costs in terms of  the considered manufactur-
ing variables; 

- coming upon suitable cost response zones that 
correspond to certain value ranges of  the considered 
manufacturing variables. 
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Figure 1. The mapping process for FR0 (Reduce the energy consumption in buildings)  
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ABSTRACT 

The objective of  this work is to further the 
understanding of  how to design and institute the practice of  
axiomatic design at a company.  This includes designing the 
design process.  This work goes beyond previously published 
papers on teaching axiomatic design.  Teaching axiomatic 
design is one thing; instituting it as a practice in a company is 
another.   

Both the institution of  axiomatic design and the 
designing of  the design process itself  can be addressed using 
axiomatic design.  The paper discusses how to formulate 
Functional Requirements (FRs) for providing an effective 
design environment.  The upper level FRs include: manage 
value addition, costs and investments.  Fulfilling the FRs 
requires developing appropriate metrics for engineering design 
work, including how to measure the value of  progress during 
design work.  Teaching axiomatic design to engineers is 
considered as part of  the investment FR.  In order to gain 
maximum corporate benefit from axiomatic design training, 
careful consideration must be given to deployment aspects 
such as pre-training preparation, effective training, and post-
training project coaching.  The paper includes tips on 
coaching teams, as well as maintaining momentum in a large 
organization with competing initiatives.   

 

Keywords: value, design, teaching, deployment, product 
development 

1 INTRODUCTION 

The objective of  this work is to further the 
understanding of  how to design and institute axiomatic design 
at a company.  Part of  this furtherance is a discussion of  a 
procedure for designing the design process.   

This work is important because it goes beyond previously 
published papers on teaching axiomatic design [Odem et 
al.,2005; Brown, 2005a; Brown, 2005b].  Teaching axiomatic 
design is one thing; instituting it as a practice in a company is 
another.  Axiomatic design can increase the value of  
engineering work only if  it is used.   

Others have written about deployment issues in 
axiomatic design [Yang and El-Haik, 2003; Dickinson, 2006].  
Axiomatic design has become a significant element of  Design 
for Six Sigma (DFSS) in many corporate deployments.  DFSS 
is seen by many companies as a value-added tool to facilitate 
the development of  design concepts that satisfy customer 

requirements and are robust to sources of  variation, as shown 
in Figure 1.  The first steps of  DFSS are designed to help the 
engineer “Get the Right Product” (concept design).  The core 
methodology of  “Get the Right Product” is axiomatic design 
and it is imperative that a DFSS deployment program 
adequately trains engineers in its principles. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. DFSS Process: Concept Design and Design 
Optimization. 

The paper reviews deployment considerations, such as, 
pre-training project selection, effective instruction, and post-
training project coaching.  Good deployment of  axiomatic 
design will include a method of  measuring its use.  A saying 
that is apropos here is “you get what you inspect, not what 
you expect” (author unknown).  A couple of  approaches to 
“inspect” axiomatic design will be reviewed. 

Both the institution of  axiomatic design and the 
designing of  the design process itself  can be addressed using 
axiomatic design.  FRs (Functional Requirements) must be 
formulated appropriately to provide an effective design 
environment.  This is essential as no design can be better than 
its FRs [Suh, 1990].   

The following section (2) on theoretical design discusses 
creating a system that will improve the return on investment 
in design.  Coupling is considered in the context of  designing 
the system. Therefore the order of  design of  the elements, 
rather than in the sequence of  their use, dictates the 
influences completing the design matrix. Consequently the 
decision on the order of  adjustment of  the Design Parameters 
(DPs) in order to satisfy the FRs is based on the influences 
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the design of  each element has on the others.  The themes in 
the decomposition are based on the design of  the system, 
including its deployment.  In principle this context for the 
consideration of  coupling should eliminate the need for 
iteration in the process of  designing the deployment system.   

The section that follows on deployment (3) describes 
how the deployment was executed and what was learned in 
implementing axiomatic design at Delphi Steering.  In the 
discussion section (4) the results of  this actual deployment are 
compared with the theoretical design. 

2 THEORETICAL DESIGN  

The highest level FR (0) is to improve the return on 
investment in engineering design.  This could be decomposed 
(equation 1) into FR1 manage value in order to increase it, 
FR2 manage cost in order to reduce it, and FR3 manage 
investment in order to allocate it appropriately to support the 
process of  adding value and reducing cost. 
 

  (1) 

These three management FRs can be addressed by specifically 
designed management systems (DPs).    See Figure 2. 

 
 

Figure 2. Improving the return on investment in 
engineering design. 

Value is what the customer is willing to pay for – the 
product that is being designed.  Because the company’s 
customer could be well removed from the engineer, the design 
process itself  needs to be developed to efficiently create 
designs that are responsive to the customer’s needs.  The 
design system needs to be able to recognize value creation 
during the process.  It also needs to be able to recognize value 
to the company of  the design knowledge, which, when 
properly managed, can be used to decrease design times and 
improve ROI in the future.  The value added to the company 

in the improved capabilities of  engineers from learning a 
more productive and profitable design system is considered 
under the investment branch.  The value of  the investment in 
effective training, like the value in the design knowledge, is 
intrinsic to the company.  The cost branch considers 
managing the cost of  the design process, apart from the cost 
of  the investment.  That is, the costs of  the training and the 
knowledge management systems are considered investments, 
as they increase the value of  the company, and are not 
something that the customer of  the product being designed is 
willing to pay for.  The cost branch and the investment branch 
are independent, but are each dependent on the value adding 
system.  Therefore, following axiom one, the value adding 
system should be designed first. 

2.1 VALUE ADDITION SYSTEM 

The first FR, manage value creation, could be 
decomposed into: FR1.1 evaluate designs, FR1.2 manage 
design knowledge, and FR1.3 create designs (Figure 3).  
Through the evaluation branch this decomposition should be 
able to recognize and quantify the value of  the design 
activities in two parts: 1) the value to the customer in the form 
of  product performance, and 2) the value to the company in 
the form of  the product design knowledge. Although this 
division is not the theme selected for the decomposition it 
should, nonetheless be covered. 

 

Figure 3. Top-level decomposition of  “manage value” 
(FR1). 

Three DPs for the value branch are three separate 
systems addressing each of  the FRs.  The design matrix would 
be lower triangular, as all the FRs depend on the assessment 
system.  That is, knowledge management depends on the 
assessment system.  Whether a lesson learned in a design 
activity is judged to be of  value and retained for future 
reference depends on how designs are assessed in the first 
place.  Additionally, product development assessment systems 
will evaluate how well new designs leverage previously 
acquired design knowledge as a measure of  design efficiency.  
And design creation depends on  both the assessment and the 
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knowledge management systems.  A design team will know in 
advance how their design will be evaluated, and thus their 
work would reflect how they will be measured (“you get what 
you inspect, not what you expect”).   Therefore the 
assessment and knowledge systems utilize the products of  the 
creation system and dictate the design of  the design creation 
system. 

The design evaluation system (DP1.1) needs to be able to 
place a value on the design and on the progress of  an in-
process design.  These tasks can be combined to utilize the 
same system.  Evaluation of  the design could be decomposed 
into: evaluate the FR-constraint (FR-CON) system (FR1.1.1) 
and evaluate the DPs (FR1.1.2).  Evaluating the FRs is the 
most important part of  the assessment.  The FR-CON system 
must be a collectively exhaustive response (FR1.1.1.2) to the 
customer’s needs (CNs) (FR1.1.1.1), mutually exclusive 
(FR1.1.1.3), and the smallest number (FR1.1.1.4) (Figure 4).  
The DPs must satisfy axioms one and two.  The evaluation 
system needs to be able to place value on a good design 
matrix.  This would include making the method of  
determination of  the matrix elements clear. 

 
 

Figure 4. Decomposition of  “evaluate designs” (FR1.1). 

Knowledge (FR1.2) is an important part of  the value to 
the company that is created during design activities [Kennedy, 
2003].   The management of  design knowledge is responsive 
to the efficiency in creating designs.  It is an investment in 
future designs.  The knowledge must be archived in such a 
way that it is retrieved when it is needed during design 
activities [Brown, 2007].  Axiomatic design provides a clear 
way to accomplish this through linking across the domains, 
e.g., customer needs with FRs and the CONs, and the FRs 
with DPs. 

The design creation system needs to define the project 
(FR1.3.1), generate ideas (FR1.3.2), build consensus (FR1.3.3), 
establish design robustness (FR1.3.4) and communicate the 
design (FR1.3.5).  See Figure 5. 

Defining the project (FR1.3.1) includes developing a 
project charter that will elucidate alignment with corporate 
goals and indentify stakeholders.  Idea generation (FR1.3.2) 
includes development of  a system of  FRs and CONs 
(constraints) to meet the customer needs (CNs) and selecting 

the DPs that will satisfy the FRs.  Innovation is part of  both 
of  these steps.  To do this generation the customer needs 
(CNs) must be assessed so that the FRs and the constraints 
are developed appropriately.   

 
 

Figure 5. Decomposition of  “create designs” (FR1.3). 

The most important part of  a design is selecting the best 
FRs.  The design generation should also utilize previous 
lessons learned embedded in the knowledge management 
system.  And the generation should utilize the assessments 
from the in-process evaluation system, during the current 
design cycle.  These utilizations are coupled with the 
evaluation and knowledge archival systems.  Design creation is 
valued in the context of  the evaluation system. 

Consensus (FR1.3.3) could be considered as part of  the 
evaluation.  This construction, with an FR to build consensus 
in the creation branch, recognizes that the evaluation is active, 
continuous, and hierarchal in nature, and that consensus is 
built at one level, before evaluation at a higher level.  In the 
spirit of  concurrent engineering, good consensus building will 
include the voice of  manufacturing. 

Establishing design robustness (FR1.3.4) will leverage 
Taguchi’s robust engineering process (or similar) whereby the 
design is made insensitive to sources of  variation 
(manufacturing, customer use, environmental conditions, and 
internal wear) [Taguchi et al., 1999].  In large part, achieving 
design robustness is a result of  proper application of  axiom 1 
(resulting in an uncoupled or decoupled design).  Additionally, 
application of  axiom 2 will drive capability to design 
tolerances [Suh, 1990].  Robust design supplements axiomatic 
design, as it has been amply demonstrated that design 
optimization that comprehends subjecting the design to 
variation during development will result in a more robust, 
durable product or process design.   
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Communication of  the design ideas (FR1.3.4) is 
important to assessment, building consensus and to the 
utilization of  the products of  the design work – building the 
product.  Ideally, the communication should include a 
decomposition of  the FRs/CONs to DPs integrated onto 
drawings with the features linked to the corresponding 
elements in the decomposition.  

Robust engineering methods (DP1.3.4) influences 
generate ideas (FR1.3.2), since parameter optimization will 
clearly depend on the DPs.  Referring back to Figure 1, this is 
simply stating that a design team must first “Get the Right 
Product” (concept design) before moving to “Get the Product 
Right” (optimization).  The result of  this dependency of  
generation ideas on robust engineering methods is a matrix 
with an off  diagonal element, demonstrating a decoupled 
design, as shown in Figure 5. 

2.2 COST 

The tasks of  managing the costs can be decomposed 
into: FR2.1 identifying the cost drivers, FR2.2 identifying the 
value adding activities, and FR2.3 eliminating the non-value 
adding activities (Figure 6).  

The cost drivers can be identified by evaluating the 
activities of  the engineers during the design process.  Many 
companies use value stream mapping or process mapping to 
accomplish this goal [George, 2002].  In identifying the value 
adding activities both extrinsic and intrinsic values should be 
identified and evaluated appropriately.   

Eliminating non-value adding activities requires redesign 
of  the design process at some level.  The level depends on the 
activity.  For example, non-value adding iterations in building 
consensus with a small group of  designers at a low level drives 
costs unnecessarily and delays the design process.  Note that 
consensus building will be accomplished easier if  proper 
leverage is made of  past lessons learned, i.e., knowledge is 
well managed and actively pursued as part of  the consensus 
building. 

 
 

Figure 6. Decomposition of  “manage cost” (FR2). 

2.3 INVESTMENT  

The investment provides the means to manage the 
resources that add value to the design.  Because the cost 
management is concerned with direct operating costs it is 
decoupled from the investment.  The investment is designed 
based on the needs for value management.  There are clearly 
various investments that could be considered to improve ROI 
from engineering design.  This decomposition focuses on the 
investment made in developing competency in applying 
axiomatic design.  The management of  the investment 
provides the means for deployment of  axiomatic design.  And 
in order to gain maximum corporate benefit from axiomatic 
design training, careful consideration must be given to pre-
training preparation, effective training, and post-training 
project coaching.   

Managing the investment could be decomposed into: FR 
3.1 prepare engineers, FR 3.2 manage acquisitions, and F3.3 
build management support.  The DPs are training activities 
for the engineers, an acquisition management system, and 
support building activities for management   (Figure 7). 

 
 

Figure 7. Decomposition of  “manage investment” 

(FR3). 

Preparing the management depends on how the 
engineers are prepared.  The system for preparing the 
engineers should be designed first to meet the needs of  value 
creation.  The system for preparing the managers will be 
deployed first, although designed third.  The management of  
acquisitions depends on the preparation of  the engineers and 
would be designed second. However, the preparation of  
engineers is independent of  the systems for managing 
acquisitions.   

Managing acquisitions (FR3.2) provides review and keeps 
the cost management branch (FR2) independent from the 
investment branch (Figure 2).  Through managing the 
acquisitions the investment branch oversees and coordinates 
the investments.  The cost branch is concerned with the direct 
costs of  the engineering activities.  The acquisitions should 
include software for axiomatic design (e.g., Acclaro) as well as 
software for knowledge management, which would interface 
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with the design software.  The authors are not aware of  any 
such knowledge management software.  Included in the 
personnel could be consultants to help with the training and 
the design of  the systems. 

Preparing the engineers can be decomposed into 
supplying motivation (FR3.1.1) and coaches (FR3.1.2), and 
training for developing FRs (FR3.1.3) and DPs (FR3.1.4), for 
design reviews (FR3.1.5) and for effectiveness (FR3.1.6).  The 
effectiveness training system is responsive to the need for 
creating designs as quickly as possible, something that 
engineers frequently ask for.  The motivation, coaches and 
training for FRs, DPs and design reviews all impact the design 
of  the effectiveness training system.  The effectiveness needs 
to be responsive to all the other elements of  the preparation.  
Effectiveness is where the rate of  value creation is addressed.  
The design of  training for effectiveness in value creation 
depends on everything that creates value.   

3 DEPLOYMENT RESULTS 

With DFSS being a well-accepted practice to improve 
ROI from engineering design, and axiomatic design also 
recognized as a core competency within DFSS, we now turn 
to a discussion of  a deployment within an automotive 
supplier, Delphi Steering. 

Good deployment of  axiomatic design starts with pre-
training project selection.  While axiomatic design can be 
useful for projects focused on incremental improvement, it is 
most powerfully applied in new concept generation.  So 
screening for these types of  projects can be beneficial before 
beginning training. 

Ideally, project selection begins with corporate goals such 
as revenue enhancement and cascades through a series of  goal 
management processes.  In practice, this can be quite messy, 
so some structure helps.  One way to introduce structure in 
the process is to deploy a project charter.  Charters can take 
many forms, but generally include a concise statement of  the 
project goals, identification of  stakeholders (sponsors, team, 
coach, etc.), documentation of  the value of  the project to the 
company, including its connectivity to corporate goals, a scope 
statement, and project deliverables and timing.  See Figure 8 
for an example format.  By going through the process of  
constructing the charter, it can become quite clear when a 
project will be conducting concept generation, which will 
make it a prime candidate for the application of  axiomatic 
design. 

 
 

Figure 8. Example project charter. 

An important final step in the pre-training preparation is 
lining up strong management support.  This applies for both 
the project work as well as the support for the method of  
axiomatic design.  If  a management group is not convinced 
of  the value of  applying axiomatic design, it is unlikely to be 
effectively used.  One way to do this is by training 
management before the engineers.  Instruction should not be 
limited to the methodology itself, but include questions 
managers should be asking their teams to drive appropriate 
use of  axiomatic design.  Example questions include: 

! Which design parameters impact which functional 
requirements? 

! What is the plan to deal with an imperfect state of  
independence, i.e., coupling? 

Effective instruction of  axiomatic design, whether for 
management or for engineers, will include 1) a WIIFM 
(“What’s In It For Me”) for the participant, 2) plenty of  
examples of  application (which is most effective when 
examples include products the same as or similar to those the 
company produces), and 3) simple exercises that quickly 
communicate the essential elements of  axiomatic design and 
build skills for its application back on the job.  It is well 
known that people learn best through application, and 
conducting exercises is a safe and fun way to first learn any 
skill [Pike, 1994]. 

Once instruction is delivered effectively, engineers must 
be supported through active coaching on their application.  
This follows the tried and true path of  “teach-coach-do” that 
has made Six Sigma deployment so successful [Pande et al., 
2000, Eckes, 2001].  What follows are some tips for coaching 
axiomatic design projects. 

! A fairly common problem engineers face when initially 
documenting the decomposition of  FRs is how detailed 
they should be.  A helpful mnemonic for formulating 
FRs is “CEME min”: 

o CE: Collectively Exhaustive.  Care must be 
taken to avoid including constraints as FRs. 

o ME: Mutually Exclusive.  This means FRs are 
independent and do not overlap. 

o Minimize the number.  A rule of  thumb is to 
not exceed 7 FRs. 

o An engineer may ask “When do you add more 
siblings vs. decomposing into children?”  
Answer:  Whatever helps you do “CEME min” 
better. 

! If  a CN generates  an FR you are going to take some 
action to satisfy the FR.  If  it's a constraint you won't 
take a specific action, but it must be checked for 
violation. 

! All FRs, including lower-level FRs, should be stated in a 
solution neutral environment. 

! Pick an appropriate “theme” to group FRs under.  This 
helps drive “CEME min” and avoids non-productive 
iteration (see below).  Some example themes are: 

o Time 
o Space 
o State 
o Condition 
o Boundary conditions 
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! Teams can get stuck in analysis paralysis when 
establishing FRs.  To get “unstuck” pick a theme (perhaps 
from a prefabricated list), run it to ground and see if  it 
works.  If  that theme does not work, change the themes 
and try again.  A team may also find lower level themes 
work better and should be promoted to top level themes. 

! Select children of  FRs to help drive a minimum set of  
FRs.  An example in an engineering structural analysis 
may be that moments are children of  force FRs because 
forces are required to develop moments. 

! Proper wording of  FRs is crucial.  For example, another 
way to look at the classic water faucet example is to state 
the FRs differently, as shown in Figure 9. 

 
 

Figure 9. Care must be taken to use proper wording for 

FRs, as shown in example FRs for the water faucet.  

! Use language in the FRs that clearly indicates ME 
(mutually exclusive).  Example for an adjustable steering 
column: 

o OK: FR1 = provide good adjustment feel, FR2 
= minimize deflection when locked 

o Better: FR1 = provide axial adjustment feel, 
FR2 = control radial stiffness 

o By using the underlined words, orthogonality is 
indicated, which will often directly lead to ME 

! Ways to know whether an element in the design matrix is 
zero or non-zero are: 

o Science (physics, chemistry, etc.) 
o Simulation 
o Empirical experimentation 
o Experience 
o Vote 
o Tolerance argument – a change in the DP 

effects the FR but does not take it out of  its 
tolerance 

! Avoid non-productive iteration in group reviews: 

o In a design review a manager or a group 
examines decomposition, and possibly drawings, 
that an individual or smaller group has created.  
The objective of  this kind of  design review is to 
build consensus in the group for support of  the 
design, which may require refinement of  the 
design.   Building consensus among the stake 
holders adds value to the design.   

o If  consensus is not being reached quickly and if  
during the discussion the FRs, DPs or matrix 
elements have not changed, and if  no notes 
have been added to the design, then the team 
should question if  any value is being added to 
the design in this process.  The facilitator or 
coach needs to assure that value is being added 
to the design, and that engineering time is not 
being wasted with non-productive iteration.   

o Refinement is a good form of  iteration.  When 
refinement is blocked by differing opinions, 
there may be a true lack of  knowledge; break 
the roadblock by having one part of  the team 
go with one approach and another part of  the 
team take a different approach, then reconvene 
to debate the merits of  each. 

o Repetition is not a good form of  iteration.  
When repetition is occurring the coach needs to 
move the team along.  

o Discussion that relates to a different design 
problem, e.g., process as opposed to product, 
should be considered as a separate problem or a 
separate branch.   

 
We’ve seen that driving axiomatic design in a corporation 

involves pre-training preparation in the form of  good project 
selection and preparing management for their role in a 
successful application.  We’ve also seen that effective training 
must be followed-up by coaching to drive further 
understanding.  And we have made note of  some useful tips 
for coaching axiomatic design.  We now turn to the question 
of  how to measure the use of  axiomatic design in an 
organization.  We know we must do this because “you get 
what you inspect, not what you expect”. 

At Delphi Steering axiomatic design use is currently 
measured through its application on DFSS projects.  Every 
project in the company is tracked and final reports are 
required and posted as a shared resource for retaining lessons 
learned.  This is a relatively easy way to track use of  axiomatic 
design after training is deployed.  However, this is a passive 
approach.  To drive the use of  structured innovation tools, 
like axiomatic design, more deeply, the use of  the tool is being 
integrated into the product development process (PDP) itself.  

PDP systems have critical steps that require management 
oversight, often called “gate reviews” [Perry and Bacon, 2007].  
Examples include “Preliminary Design Review”, “Critical 
Design Review”, and “Final Design Review”.  Recent work in 
PDP has included studies of  Toyota’s Lean PDP, often cited 
as a benchmark process [Morgan and Liker, 2006; Ward, 
2007].  An important concept from Toyota’s Lean PDP, taken 
from Lean Manufacturing, is “Built-In Quality”.  The idea, 
transferred to the design world is to not pass on a quality 
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problem to the next phase of  the PDP.  This can be done 
with the use of  design review scorecards during staged gate 
reviews.  These scorecards would measure activities that PDP 
requires.  The scorecard would evaluate use of  suggested tools 
that drive robust design, including axiomatic design.  This is 
one approach to move from a passive to an active measure of  
axiomatic design’s use in product development. 

Another company that has successfully implemented 
many of  the attributes of  Lean Engineering PDP is Pratt & 
Whitney [Purrington and Bown, 2003].  P&W has developed 
what they refer to as Engineering Standard Work (ESW) for 
all aspects of  its engineering work.  ESW includes not only 
the activities that are required, but tools and methods that can 
or should be used to achieve a successful conclusion to those 
required activities.  Similar to the discussion above, it is in the 
scoring of  ESW within a PDP system that the use of  
axiomatic design can be embedded. 

4 DISCUSSION 

A theoretical solution and some details of  an actual 
deployment have been have been presented.  The alignment 
between the two is good. They are compared and contrasted 
below.   

In the practical situation described above, the deployment 
of  axiomatic design is in the context of  existing design tools, 
in particular DFSS.  Therefore, a subsection is dedicated to 
the discussion of  DFSS. 

4.1 VALUE MANAGEMENT SYSTEM  

The care taken in training for the development of  FRs in 
the decomposition is consistent with the theoretical 
importance placed on this development.   The alignment with 
customer’s needs is expected to be part of  any design system.  
The only change that should be expected with axiomatic 
design is that this alignment is to be checked against the FRs 
each time a new level is reached in each branch. 

The knowledge management system continues to be 
developed, and specific to the application of  axiomatic design 
is at best part of  the DFSS tracking system.  The value in 
reuse of  design knowledge is recognized as needed area of  
improvement.  

4.2 COST MANAGEMENT SYSTEM 

In practice the management of  the direct costs of  
generating the designs appears reasonable for emphasizing the 
value adding activities.  There is no mention of  systematically 
identifying the cost drivers due to company confidentiality.  It 
can be stated that value stream mapping of  the design process 
and systematic identification of  the cost drivers have revealed 
opportunities to better manage costs.  Examples include 
streamlining change management and other approval 
processes. 

4.3 INVESTMENT 

The details of  the training of  engineers and building 
management support align well with the theory.  The practice 
concentrates appropriately on the tracking of  the utilization 
of  axiomatic design.  The emphasis on the development of  
FRs and selection of  DPs addresses key elements in the value 
creation in axiomatic design.  

The metric for design work that is often mentioned by 
practicing engineers is meeting the deadline.  This may be 
because many companies lack effective means of  measuring 
design quality or progress.  Axiomatic design can supply these 
means.  The effectiveness training (see tips discussion in 
section 3) is intended to address this engineering need.  
Coaching and training for the avoidance of  non-productive 
iterations does help to address effectiveness.   It may be worth 
the investment to make effectiveness training in itself  a 
separate concern.  This would fit well with the value stream 
mapping. 

It is advisable to use consultants to help with the 
deployment of  axiomatic design, especially early in the 
deployment and utilization process.  It has been observed that 
teams attempting to utilize axiomatic design can have 
difficulties with completing decompositions.  Generating the 
design decompositions and evaluating the design matrices can 
be challenging the first few times.  Errors are often made and 
companies give up as the engineers are unable to create good 
decompositions.  The expertise to correct these errors 
appropriately would not exist in the company early in the 
process.  Once internal coaches have been developed the use 
of  outside expertise can be reduced.  At Delphi Steering 
coaches were given additional axiomatic design training 
beyond that for the general engineering population and this is 
the source of  many of  the coaching tips from section 3.  
Regardless of  the source of  expertise, it is recommended that 
companies apply the “teach-coach-do” method for developing 
competency. 

4.4 DFSS 

We have seen that investment will include costs of  
deploying training and the creation and ongoing deployment 
of  a knowledge management system.  We focus here on the 
investment in training, specifically in axiomatic design (and 
DFSS, more generally). 

As Figure 10 shows, it is well understood that designs 
done poorly in the early phases will have escalating costs as 
launch of  production nears.  Application of  DFSS brings 
these costs down.  (It is again worth stating that many DFSS 
deployments today have axiomatic design as the core tool for 
concept generation.)   

 

 
Figure 10. Costs can grow exponentially at launch if  

design is not done well.  
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To realize the savings potential of  DFSS, a company 
must be willing to invest in the development of  engineering 
competencies, such as use of  axiomatic design.   

5 CONCLUSION 

A theory of  design process has been proposed using 
axiomatic design.  The theory has highlighted the need to 
drive value through embedding axiomatic design into the 
design process itself.  Theory shows this should take place in 
three important areas: 1) evaluation of  designs, 2) knowledge 
management of  previous design activities and proper leverage 
of  this knowledge in future design work, and 3) creation of  
designs.  Each of  these areas benefit from axiomatic design 
thinking, which can only be implemented after investing in 
developing competency in the application of  axiomatic 
design. 

The practical deployment appropriately emphasizes the 
essential value-adding steps in axiomatic design.  The 
deployment described has benefited from a few years of  
DFSS and axiomatic design activities.  These activities have 
resulted in tangible benefits for the company, demonstrating 
good return on the investment of  developing axiomatic 
design as a competency.  Areas for improvement include 
making more direct measurement of  the use of  axiomatic 
design (and DFSS more broadly) as part of  the product 
development process, as well as improving reuse of  design 
knowledge through the structure provided by axiomatic 
design’s decomposition process. 
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