
THEORY AND RESEARCH METHODS IN DESIGN 21

INTERNATIONAL DESIGN CONFERENCE - DESIGN 2006 
Dubrovnik - Croatia, May 15 - 18, 2006. 

DESIGN METHODOLOGY − DEMONSTRATION OF 
APPLICATION 

W. E. Eder 

Keywords: design methodology, engineering design science,  
sub-problems 

1. Introduction 
Design methods and methodologies have been suggested in various countries for many years, e.g. Pahl 
and Beitz [1995, 1997], Roth [1995], Koller [1979, 1985], Dietrych [Hubka 1982], Hansen [1966, 
1974], Hubka [1967, 1980, 1992a], Eder and Gosling [1965], VDI [1985], and others. They have 
received limited use in of industry [Eder 1998], but have been employed in engineering education. 
Subsequently, the search for design methodologies have been largely neglected, under the assumption 
that this development was completed, and no further improvements were likely. Creativity [Eder 
1996] continued to be emphasized. The trend towards ‘integrated product development’ and 
‘industrial design’ has adversely influenced the attempts to rationalize the processes of design 
engineering. Life-cycle engineering [Eder 2001] was independently advanced. A continuing 
development is based on Engineering Design Science [Hubka 1996], and is demonstrated later on a 
case example of conceptualising a large system, and one of its contributing sub-systems. This 
methodology is the only one that is based on a comprehensive theory in addition to experience of 
particular technical systems. 
The regions of design engineering, integrated product development, and industrial design have much 
in common, but each has its distinguishing characteristics as shown in figure 1. The classes of 
properties of technical systems (Pr1-Pr10) in figure 1 are listed in figure 2, and provide full coverage 
of properties. 

 
Figure 1. Scope of Sorts of Designing 

Integrated product development tends towards aspects of enterprise and product management. The 
differences between industrial design and design engineering are now almost neglected. Yet this 
difference could easily be demonstrated with the help of an example. A caricature of the differences is 
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presented in table 1. It is acknowledged that architecture is also concerned with managing substantial 
projects, nevertheless, the legal liability reverts to the engineers. 

  
Figure 2. Relationships among External and Internal Properties of Technical Systems 

Table 1. Characteristics of Designing 
Research Objectives,  
Design Conditions 
 
The object to be designed, or the 
existing (designed) object 
 
 
Representation and analysis of the 
object as designed, and its 
‘captured design intent’ 
 
Design process (for the object), 
methodology, – generating the 
‘design intent’ 
 
Design phenomenology 
 
 
Responsibilities 
 
 
 
Location 

Design Engineering 
 
 
Technical System; primary: 
functioning, performing a task, 
substantial engineering content 
 
Preparing for manufacture, 
assembly, distribution, etc., AI, 
CAD/CAM 
 
Theories of designing, Design 
Science, Formal design 
methodologies 
 
Empirical, experimental and 
implementation studies 
 
Professional, reliability, liability, 
safety, public, enterprise, 
stakeholders  
 
Design/Drawing Office 

Artistic-Architectural- 
Industrial Design  
 
Product; primary: appearance, 
functionality 
 
 
Rendering for presentation and 
display, product range decisions 
 
 
Intuitive, collaborative, interactive 
designing 
 
 
Protocol studies  
 
 
Enterprise, stakeholders 
 
 
 
Studio 
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2. Methodology 
The majority of methodologies and procedural models that have been published to date (e.g. see 
Introduction) show gaps that make consistent application more difficult. Most models do not show 
how the recommended methodology can be adapted to design engineering of variants and alterations. 
Life cycle engineering, quality-function-deployment, value engineering, and other published methods 
are hardly ever brought into context with the recommended methodology. 
One basic problem is that these methodologies assume a novel design problem, and emphasize the 
procedure for the major design phases of ‘I - clarifying the problem’ and ‘II – conceptualizing’. Yet 
most of design engineering takes place in the phases ‘III – embodying’ and ‘IV – detailing’, where 
much of the work is routine, computer aids to designing and information capture are useful, and 
simulation and optimization of existing concepts is well developed [Vajna 2005]. It is well known that 
about 50 to 80% of the future cost of a product is committed by selecting a concept. The remaining 
commitment occurs during layout/embodiment, and detailing. Nevertheless, embodying and detail 
design (the more routine phases) are often responsible for the failure of a product. 
The developments based on Engineering Design Science [Hubka 1992b, 1996] show clearly how the 
gaps can be bridged. Design engineering is a processing of information [Eder 2004]. The basic model 
of Design Science is that of the transformation system, see figure 3. 

 
Figure 3. General Model of a Transformation System 

This model declares that an operand (materials, energy, information and/or living things) in state Od1 
is transformed into state Od2 by applying a suitable technology and using the active and reactive 
effects (in the form of materials, energy and/or information) exerted by the operators (human systems, 
technical systems, active and reactive environment, information systems, and management systems), 
whereby assisting inputs are needed, and secondary inputs and outputs can occur for the operand and 
for the operators. 
Once this model is understood, a consistent and systematic methodology to aid creativity [Eder 1996] 
for novel designing of technical systems (TS) can be proposed. The methodology needs to be adapted 
and applied with multiple iterations, with sub-divisions of the problem and recursions, and with 
continuous interchange with intuitive and opportunistic actions where appropriate. The results should 
then be recorded in the pattern of the recommended procedural model, which should then be similar to 
results from systematic and methodical work. With this transformation system, designers can (for a 
novel transformation process or technical system to be designed) [Hubka 1988, 1992b, 1996]:  

0. set up a design specification, i.e. a list of requirements and constraints for the novel system to 
be designed, preferably using the classes of TS-properties as shown in figure 2, and especially 
considering the operators of the life-cycle processes for properties Pr1, Pr2, Pr3 and Pr4 
(processes LC6, LC4, LC5 and LC7), see [Eder 2006]; 

1. establish the desirable output (operand in state Od2) of the transformation process;  
2. establish a suitable transformation process (TrfP) for the future system, establish its 

operations, and (if needed) suitable inputs (operand in state Od1), see figure 4; which can act 
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as a check-list to ensure that all necessary aspects are considered during design engineering of 
the TrfP; 

3. decide which operations will be performed by humans, which by technical system (a technical 
process, TP), and which by the active and reactive environment, alone or in mutual 
cooperation; 

4. establish which of the technical systems (or parts of them) needs to be designed at that point 
(i.e. does not yet exist), this will be the TS(s);  

5. establish a technology for that operation for which the technical system TS(s) needs to be 
designed, and therefore the active or reactive effects needed from the technical system TS(s);  

6. establish what the technical system TS(s) needs to do (its internal and cross-boundary 
functions) to produce these active or reactive effects as outputs, and what its inputs need to be. 
This results in the well-known function structure, with improved definition and formulation of 
the functions, derived from steps (1) to (5), see figure 5, and which can act as a check-list to 
ensure that all necessary aspects are considered. This structure can emphasize the dominant 
functions, but can also include as many of the assisting functions as is considered useful.;  

7. establish what organs (function-carriers in principle) can perform these functions, and what 
added (evoked) functions and organs are recognized as needed (a function-means chain) ), see 
figure 6, another check-list – and at this point it is possible to set up a dynamic simulation 
model, e.g. using a four-pole model [Weber 2005a and 2005b];  

8. establish which constructional parts are needed, and what additional (evoked) functions, 
organs, and/or constructional elements are now revealed as being needed (a more extended 
function-means chaining), to produce a full description of a future TS(s) in the shortest time at 
lowest cost. This needs a further sequence of establishing the description in sketch-outline, in 
rough layout, in dimensional-definitive layout, then in detail and assembly drawings. TS(s)-
properties can now be evaluated with reasonable confidence, e.g. using the dynamic 
simulation models [Weber 2005a and 2005b], and corrections applied. 

 
Figure 4. Transformation Process Structure 

Only those parts of this designing process that are useful are employed. The indicated improvements 
have been in part published in [Hubka 1992b, 1996], but the process of improvement is continuing in 
cooperation with the authors of [Eder 2004]. 
Redesign can be accomplished by:  
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a) establishing a design specification for the revised technical system; the technical process 
remains the same as for the original TS;  

b) analyzing the existing technical system TS(s) into its organs and (if needed) its functions;  
c) then following the last one or two parts of the procedure listed above for a novel system.  

Consideration of life cycle issues and ‘Design for X’ advice are included in the methodology. 

   
Figure 5. Function Structure for a TS   Figure 6. Organ Structure for a TS 

This cannot possibly be done in a linear procedure; feedback, iteration (repeating the operations with 
better understanding of the problem) and recursion (dividing a problem into smaller parts, solving, 
then re-combining) are always needed. The possibility to search for alternative solution proposals is 
offered in each and every step. This seems to the author to be the essence of applied creativity. 
Analysis and simulation with the aid of the engineering sciences and computer applications can be 
applied in each step, starting from order-of-magnitude estimations of needed sizes, through static 
considerations for more accurate pre-establishing of sizes, up to a full dynamic simulation to verify 
expected behavior and suitability for the envisaged task of the technical system [Weber 2005a and 
2005b]. Every step contains and should conclude with a cycle of verification, including captions such 
as ‘substantiate’, ‘evaluate’, ‘select’, ‘decide’, ‘verify’, ‘check’, ‘reflect’, but also ‘improve’ and 
‘optimize’. 
Different parts of the TS to be designed will necessarily exist at different concretisations. For instance, 
the high-voltage insulators, bushings and lead-throughs will likely be obtained as purchased construc-
tional parts, selected from an engineering standard. Neverthless, these insulators can be entered into an 
organ structure, using the organ representation of the insulator. They can also be entered into a 
function structure, e.g. using the functions ‘isolate high voltage from ground’ and ‘permit transmission 
of high voltage and current from one end to the other’. 

3. Case Study - Smoke Gas Filter 
As environmental requirements become progressively more severe, retro-fitting of equipment to bring 
the operating plant up to standard happens more frequently. A thermal electric generating station 
needed a retro-fit for cleaning the exhaust smoke from the boilers, a smoke gas filter. The contract was 
given to a local enterprise which had some experience in the field, but wished to innovate for this 
plant, in the hope of expanding to other regions. Consequently, the enlightened management of the 



 THEORY AND RESEARCH METHODS IN DESIGN 26  

enterprise asked the engineering designers to provide full documentation of their engineering design 
processes, so that information would not be lost for future contracts for similar equipment. The design 
team decided to use computer graphic and word-processing applications to document all steps and 
models. 
 
PROCEDURAL NOTE: All steps according to the General Procedural Model of Design Engineering 
are listed, even if no specific result is entered for the project. The steps are outlined in section 2 of this 
paper, and published in [Hubka 1996].  
(P1)  Establish a List of Requirements – investigate alternatives 
P1.1 Establish rough factors for all life phases (technology, operators, inputs, outputs): 

Transportation of the completed smoke gas filter from the organization to the plant must be 
possible, rail and road transport profiles, and access to the plant must be investigated. 

P1.2 Analyze life phases, establish requirements on the technical process (TP) and/or technical 
system TS(s): Acceptable cleanliness of the exhaust gases should be established from the laws 
and standards. 

P1.3 Analyze environment of the individual life cycle processes, especially TS(s)-operational 
process (TP) and its users: The filtration system must be weather-proof. All collected 
materials must be safely available for extraction and disposal. 

P1.4 Establish importance (priority level) of individual requirements, processes and/or operators 
(fixed requirements to wishes): Several general descriptions and data were found, see 
references. 

P1.5 Quantify and tolerance the requirements where possible: This power station was often used as 
a ‘peak-lopping’ facility and ran at part-load for long periods. 

P1.6  Allocate the requirements for the TrfP and/or TS(s) to life phases, operators, and/or classes of 
properties 

P1.7 Establish requirements for a supply chain, and environmental concerns 
P1.8 Reviewed 
(P1) Output  Design Specification, see below: 
Requirements are listed only under the most relevant TS-property (see figure 2) as judged by the 
engineering designer, i.e. not repeated in any other relevant property class, with an indication of 
priority: 
   – F ... fixed requirement, must be fulfilled; S ... strong wish; W ... wish; N ... not considered. 
  Pr1) Purpose 
 F Must accept maximum 75 m3/s of smoke gas at input temperatures 125°C to 400°C. 
 F Must reduce content of particulate solids with a minimum efficiency of 95%. Particulates 

consist mainly of fly ash, but may also contain other contaminants. 
  Pr1A) Function Properties: 
 F Must be capable of running effectively at part-load down to 1/6 power output, expected 

minimum smoke rate of 12.5 m3/s. 
  Pr1B) Functionally Determined Properties: 
 F Must reduce content of harmful chemical agents with a minimum efficiency of 90%. 

These chemicals include SO2 (or H2SO3), SO3 (or H2SO4), CO, NOx, etc. This requirement 
may be deferred to a later date, when the design process for the particulate filter has 
progressed sufficiently. 

  Pr1C) Operational Properties: 
 S Flow resistance (pressure drop) through the filter should be minimized for all flow rates. 
 F Electrical safety to relevant standards, test by Underwriters laboratory and/or Canadian 

Standards Association, apply control symbol on rating plate. 
 F Life minimum 5 years. 
 S Suitable for easy maintenance 
  Pr2) Manufacturing Properties: 
 F Must accommodate available manufacturing facilities. 
  Pr3) Distribution Properties: 
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 F Must be transportable by road and/or rail to power station site. 
  Pr4) Liquidation Properties: No specific requirements. 
  Pr5) Human System Factors: 
 F Access for inspection of gas channels and other parts must be provided. 
 F Safety is essential, human exposure to smoke gases and high voltage must be eliminated. 
  Pr6) Technical System Factors: 
 S Minimum requirements on other TS (as operators) during life cycle of device. 
 S Avoid special tools for manufacture, assembly, testing, and maintenance of TS(s). 
  Pr7) Environment Factors: 
 F No significant environmental impact for materials used in device. 
 F High energy efficiency, low energy consumption. 
 S Conform to ISO 14000:1995. 
  Pr8) Information System Factors: 
 S Minimum requirements for information, during TS(s) life cycle, avoid special additional 

information (including training), provide clear user instructions. 
 S Conform to ISO 9000:1994. 
  Pr9) Management and Economic Factors: 
 F Delivery of finished devices in 15 months from contract. 
  Pr10) Design Properties (if any pre-specified): None 
(P2)  Establish a Plan for the Design Work – investigate alternatives 
P2.1 Analyze and categorize the technical process TP and/or technical system TS(s) from 

viewpoints which influence engineering design work and planning 
P2.2 Select overall strategy, partial strategies and operations for important partial systems 
P2.3 Establish degree of difficulty of the engineering design work 
P2.4 Establish tasks of operators of the engineering design system, especially of individual staff 

members 
P2.5 Plan the anticipated design work, under time pressure: Two months as target for engineering 

design completion, delivery of TS(s) within 15 months, target dates to be set for other stages. 
P2.6  Estimate the engineering design costs: Not available. 
P2.7 Establish further goals, e.g. masters, forms, catalogs, etc.: Precedents were available, see 

references. 
P2.8 Reviewed. 
(P2) Output  Design Specification and Plan 
(P3a)  Establish the Transformation Process – investigate alternatives 
P3.1 Analyze the TS(s)-operational process - TrfP, TP: TS(s)-operational process should 

accomplish main transformation, see figure 7, part A. 
P3.1.1 Establish input to the operational process - TP operand state Od1  
P3.1.2 Establish operators of the operational process – assumed: see figure 7, part A. 
P3.1.3 Establish technological principle, technology - operations, sequencing: The main available 

technologies are shown in figure 7, part B. Probably the most favorable is electrostatic 
precipitation, see e.g. [Brad 1972, Corbitt 1990, Liu 1996]. 

P3.1.4 Establish necessary effects acting on the operand - technology in individual operations: This 
technology needs a direct-current corona, and collector plates that need frequent cleaning, see 
figure 7, part C. 

(P3a) Output Transformation Process - PROCEDURAL NOTE: Compare with figure4 to check 
whether any important elements may be missing. 
(P3b)  Establish the TS-Function Structure 
P3.2 Work out the complete function structure of the TS(s): Some preliminary estimates were made 
using information and data from [Brad 1972, Corbitt 1990, Liu 1996]. With a flow rate of Q=75 m3/s, 
at a recommended maximum flow velocity of 2 m/s, the required flow cross-section will be 37.5 m2. 
The flow velocity from the boiler was given as 5 m/s, diffusion to the lower velocity was needed. At 
turn-down, a flow rate of 12.5 m3/s, and a recommended minimum flow velocity of 1 m/s, the flow 
cross section should be 12.5 m2. The total cross-section can be divided into three separate sections. 
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The other estimates are not reported here, but they are essential to investigate the parameters of the 
problem. 
P3.2.1 Establish distribution of effects between humans and technical systems (and environment) 

 
Figure 7. Smoke Gas Filter – First Conceptualizing of Transformation Process 

P3.2.2 Establish TS(s)-dominant functions of individual technical systems 
P3.2.3 Allocate and distribute the dominant function among individual TS 
P3.2.4 Establishing additional functions from an analysis of the relationships ‘human-technical 

system’ and ‘environment-technical system’ 
P3.2.5  Establish the assisting functions from analysis of the transformation functions: auxiliary, 

propelling, regulating and controlling, etc. 
P3.2.6  Establish possibly evoked functions from important properties 
P3.2.7 Establish TS(s)-inputs, check of TS(s)-output regarding environment 
P3.3 Represent TS-function structures: See figure 8. 
P3.4 Assess and evaluate the variants of the function structure: Proposed variant was approved. 
P3.5 Reviewed 
(P3b) Output TS-Function Structure - PROCEDURAL NOTE: Compare with figure 5 to check 
whether any important elements may be missing. 
(P4)  Establish the TS-Organ Structure – investigate alternatives 
P4.1 Enter TS-functions from function structure into first column of morphological matrix  
P4.2 Find action principles, possible modes of action  
P4.3 Establish organs or organisms as means (function carriers): The morphological matrix is 

shown in figure 9. 
During development of the morphological matrix, the engineering designers recognized that some 
functions were too concise to be solved. Function 2 was expanded as shown in the morphological 
matrix, and this was transferred as amendment A) to the function structure, figure 8. Function 7 was 
also expanded and transferred as amendment B). Function 6 was anticipated to need expansion, shown 
as amendment C). 
The project could at this point be recursively separated into smaller, relatively self-contained portions. 
The functions 8, 9, 10, 11, 12, 13 and 14 were considered suitable for separate treatment, e.g. by a 
smaller team. Co-ordination of teams must be a high priority, decisions by one team usually affect the 
problems faced by other teams. 
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PROCEDURAL NOTE: The procedure of separation demonstrates the recursive repeat of the full 
procedure. For instance, Function 8 ‘Force particles off collector plates’, can be formulated in 
a design specification statement of:  

 
Figure 8. Smoke Gas Filter – Function Structure 

    Pr1) Purpose for Function 8: 
 F Must, at set or variable time intervals, provide vibration to collector plates and wire 

discharge electrodes to dislodge the accumulated particle material. 
 The operand for this sub-problem is ‘smoke particles (fly ash)’ in state Od1 ‘on the plate’, in 

state Od2 ‘off the plate. If desired, the structure models from this recursion could be combined 
with the models for the main TS(s), but may make the models too complicated for easy review 
and understanding. 

Continuation of project “Smoke Gas Filter”: 
P4.4 Combine individual organs to a unity (a proposed organ structure)  
P4.5 Evaluate organ structure proposals and select the best 
P4.6 Establish assisting functions and their organs, and evoked functions for organs where needed 
P4.7 Examine evoked secondary outputs and necessity of further organs 
P4.8 Establish functions of complex organs, action locations 
P4.9 Establish fundamental situations and orders (topology, arrangement): Combined treatment 
P4.10 Represent final technical system proposals as organ structures with enough detail for 

evaluation and selection:  The designer attempted several combinations of organs to solve 
groups of functions, see figure 10. The results for functions 2 and 3 revealed that 12 
arrangements could be identified, depending on which header was combined with which 
corona wire support and tensioning. Evaluation by weighted point rating was performed, see 
figure 11. 
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P4.11 Reviewed 
(P4) Output Organ Structure - PROCEDURAL NOTE: Compare with figure 6 to check whether 
any important elements may be missing. 
(P5a)  Establish the Constructional Structure (1) - investigate alternatives 

 
Figure 9. Smoke Gas Filter – Morphological Matrix 

P5.1 Establish and Analyze the Requirements for the Constructional Structure and Constructional 
Parts: Further work towards a preliminary layout needs more detailed information, e.g. see 
[Oglesby 1978], and is beyond the scope of this case example. 

The subsequent stages and steps from the recommended engineering design procedure appear to be 
routine work for design engineering. The importance of good embodiment and detail design work in 
these further stages and steps is fully acknowledged, many failures of products stem from faulty 
design in routine work. Nevertheless, in order to conserve space in this paper, we have chosen not to 
complete these stages and steps.  
(P5a) Output Preliminary Layouts 
(P5b) Output Constructional Structure 
(P6) Output Manufacturing Documentation 

4. Closure 
A need obviously exists to apply a formal, systematic and methodical engineering design strategy, a 
methodology, at least to present the ‘design intent’ in a coherent way that can be checked, verified and 
retrieved. This paper and its case study show a clear procedure and recording for a complex piece of 
equipment, as model for application of the knowledge contained in Design Science [Hubka 1996]. 
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Figure 10. Smoke Gas Filter – Organ Structure 

 
Figure 11. Smoke Gas Filter – Evaluation 
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