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summary

This body of research aims to improve support for engineering design and in particular the design of
machine systems from standard components. It is widely accepted that the inclusion of standard
components in systems can significantly reduce cost and improve the quality of design solutions, as
well as reducing time to market. Standard components play an important role in engineering design,
which like many other industry sectors is now a highly competitive global market.

To assist the incorporation of standard components in design solutions many suppliers and
manufacturers produce electronic representations that govern the design and selection of a particular
component. These representations are powerful tools for the identification and selection of individual
components and significantly benefit the designer. However, the role of the designer is not just to
select a range of suitable component sizes, but also to select an optimum mix of component types and
sizes to deliver the desired performance characteristics, physical characteristics and quality at minimal
cost. Current practices require the designer to manually evaluate many different combinations of
component types and sizes in order to determine an acceptable solution. This iterative process is
particularly time-consuming and analytically intensive. It is therefore highly desirable to support the
designer over this process. To deliver such support a modelling approach is proposed which considers
the system as a whole but also maintains the integrity of the various electronic representations
necessary for the design and selection of each component. In this manner, systems of real components
are dealt with.

A review of modelling approaches in engineering design and computer based support tools is
undertaken. It is shown that current technologies do not provide for the modelling capabilities
necessary to represent systems containing standard components. As a consequence, a new modelling
approach is proposed that represents the performance of mechanical systems. In the development of
the new modelling approach this research has had to address six key issues; system representation, a
protocol for handling interactions, system resolution, data arbitration, compatibility analysis and
interfacing third party electronic representations within the modelling approach. In addition to this,
two other issues are investigated that are necessary for the strategic design of systems. These are cost
forecasting for systems of standard components and the issues associated with the application of
optimisation techniques. The feasibility of the overall modelling approach is demonstrated through the
creation of a computer based support tool which is applied to a number of industrial case studies.

The research shows that it is possible to consider systems of standard components at the early stages
of design and to provide for the automatic embodiment of conceptual solutions from standard
components. Thereby freeing the designer’s time to evaluate many more alternatives and develop a
more refined design solution.
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Achievable designs in this context are those that are fundamentally based on existing technology

and principles.

Agents are independent software objects that determine a feasible component specification from

a set of performance requirements.

Bespoke components are elements that are precisely designed to meet a specific set of
requirements and do not possess any predetermined sizes or properties other than those imposed
by the design team due to resources, manufacture or production capabilities or other constraints

specific to the particular application.

Binary elements possess two connections and in mechanical systems are the components which

convey the inputs and outputs, or link the principal elements to other principal elements.

Complementary assessment provides for the qualitative considerations which the designer must
undertake.

Components are mechanical items or the particular electronic representation assigned to each

element of the system model.

Component attributes define the characteristics or properties of a particular mechanical

component.

Component type represents a particular class of mechanical component from a specific

manufacturer or supplier.

Connectivity analysis ensures that the geometric interfaces are matched and that energy

interfaces are compatible.

Core components are the components from which all other component sequences emanate and

provide the basis for all mechanical systems.

Electronic representations are the set of software modules that encapsulate a component based
model, where this model represents the underlying principles or algorithms. The software
modules provide the support functions necessary for manipulating the theoretical model in a

software environment. They may provide for the visual interface, graphical support, search



Definitions

algorithms and user support functions, as well as access to the controls and object libraries

contained within the operating system.
Elements are the individual parts of the system model.

Global attributes define system level performance attributes or physical attributes which are

applicable to all the elements within a system.

Integrated modelling represents a system by manipulating and integrating the governing models

for individual elements.

Intrinsic attributes are component attributes that are specific to a particular component type,

range or size.

Local attributes are a subset of component attributes. Local attributes are component attributes
that are determined in part, or full, from parameters that are driven by physical connections with

other components.

Models represent a particular mechanical component and are termed component based models.
These models are generally created from accepted scientific principles and provide for the sizing,

selection and specification of an engineering component.

Parameters are physical quantities that may either explicitly define the value of an attribute or be

used in combination to determine the value.

Performance matching ensures that the magnitudes of energy transfer are acceptable output and

input levels for coupled components.

Performance modelling deals with the representation of performance. Where this performance
represents a measure of the capability of the considered system to undertake or achieve its desired
function. This approach truncates the conceptual and embodiment phases of the design process
and aims to support the designer in rapidly embodying and testing various solutions. This
embodiment determines a set of parameters for the system elements which meet the desired

performance characteristics for the design.

Preferred designs utilise configurations and combinations of components that are deemed to be

more suitable or better performing for the particular application.

Primary elements are those mechanical elements that provide the overall transmission

requirements of the system.
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Primary component attributes are the fundamental parameters upon which a component is

specified or selected, and may include both physical and performance attributes.

Principal elements are the elements about which sequences of elements emanate and represent
the core components in a mechanical system. Principal elements are identifiable by the
characteristic that they possess more than two connections and are therefore always the core

components in the system considered.

Real components are those elements which may already exist, have been previously used and
have predetermined or predefined properties. In many cases, these are either selected from a third
party catalogue or designed through standard procedures, and may therefore be produced or

procured exactly as specified.
Resolution episode is the overall process of determining a solution state.

Secondary components are designed post selection of the primary components and may include

housings and casings.

Secondary component attributes are more often than not either fixed values or follow a
predetermined, discrete range of values for the considered component, such as the permissible

angular misalignment of a bearing.

Standard components include both standard catalogued components and standard designed

components.

System resolution involves the determination of a specification for a set of components that
satisfy the given performance requirements and constraints for the system and individual

components.
Systemic approaches considers a system and its included elements as a whole.

Unitary elements possess only a single connection and are the marginal or boundary elements to

the system, and it is these elements which provide the system inputs and outputs.

Virtual agents are secondary software objects that act as intermediaries between the component

representations and the system modelling environment.

vii



AIE
B-Rep
CAD
CAD,
CAD;
CAE
CAM
CAPP
CE
CFD
CNC
CSG
DDE
ERC
ERP
FEA
IDE
IGES
IT
KBES
MRP
NPI

OLE

Glossary of terms

Assembly Interface Entity
Boundary Representation
Computer Aided Design

Computer Aided Drafting
Conceptual Assembly Design Tool
Computer Aided Engineering
Computer Aided Manufacture
Computer Aided Process Planning
Concurrent Engineering
Computational Fluid Dynamics
Computer Numerically Controlled
Constructive Solid Geometry
Dynamic Data Exchange
Electrical Rule Check

Enterprise Resource Planning
Finite Element Analysis

Integrated Design Environment
International Graphics Exchange Standard
Information Technology
Knowledge Based Engineering Systems
Manufacture Resource Planning
New Product Introduction

Object Linking and Embedding
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PC

PCB

PDES

PDS

STEP

Personal Computer

Printed Circuit Board

Product Data Exchange Standard
Product Design Specification
STandard Exchange of Product data

Visual Basic for Applications
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Ghapter 1

Introduction

The activity of engineering design itself has been applied to, or practised, in the creation of
almost every artefact. Engineering design is widely understood to be the practice of transforming
a set of perceived needs into an artefact, using creativity, scientific principles and technical
knowledge (Evbuomwan et al, 1996; Konda et al, 1992). It is during this transformation process,
termed the ‘design process’ that the properties of the artefact such as function, performance,
safety, ergonomics, operation and maintenance are determined. In addition to these properties, the
design process will have significant influence over the production costs and production lead times
as well as dictating the necessary manufacturing procedures and level of quality, all of which
determine the commercial success of the artefact. Because the design process plays such a critical
role in determining the ‘final cost’ of the artefact, considerable attention is given to the various

economic issues during the undertaking of the process.

In order to improve the practice of engineering design, both industry and academia invest
considerable resources on researching new methods, techniques and technologies to support the
designer in developing high quality, economical and technologically advanced solutions. A major
focus of engineering design research is concerned with investigating and optimising the various
activities and tasks of the traditional design process' and subsequent manufacturing process. The
key areas for research in the field of engineering design theory and methodology are outlined by
Finger and Dixon (1989a & 1989b) as: descriptive, prescriptive and computer-based models of
the design process; languages, representations and environments for design analysis and support
of design; design for manufacture and the product life cycle. This research has supported the
development of philosophies and techniques such as Concurrent Engineering (CE) (Carter &
Baker, 1992), Material Resource Planning (MRP) (McMahon & Browne, 1993), Enterprise

'The traditional design process is considered to be the systematic product design process described by
many researchers such as Pahl & Beitz (1996), Pugh (1991) and Ullman (1992), and embodied in national
standards BS7000 (1999) and VDI 2221 (1986).
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Resource Planning (ERP) (Bancroft et al, 1998), Computer Aided Drafting (CADr), Computer
Aided Manufacture (CAM) (Zeid, 1991), as well as numerous analytical techniques such as
Computational Fluid Dynamics (CFD) (Anderson, 1995) and simulation tools. These are not
meant to be exhaustive but merely illustrate some of the major advances in the areas associated

with engineering design.

The majority of developments in the field of engineering design can be separated into two
mutually supportive threads, defined by Law (1993) as the team-based approach and the

technology based approach. The former aims to improve the participation, integration,

communication and organisation between individuals from each of the departments that are
involved in the new product introduction (NPI) process, and in particular design, manufacture,
marketing and sales. The latter aims to develop and improve both new and existing technologies
for the support of the tasks undertaken by individuals in the activities of design, manufacture,

marketing, sales and distribution.

1.1 Computer support for the design process

The technology based approach highlighted in the previous section is particularly reliant upon
computational support and significantly benefits from advances in the area of computer software
and computer hardware’. In fact, Whitney (1990) highlights the computer as the main advance
and driving force in engineering design today. A recent survey by Boston et al (1998) revealed
that 95 percent of engineers have access to and rely on computers in order to undertake their
respective design tasks. In addition to this, as long ago as 1993 it was estimated that over 80
percent of designers in UK manufacturing utilise computer aided drafting tools (Knutton, 1993).
It is widely accepted that advances in computing capabilities have benefited nearly every
industry, of which, most are now reliant on computers for undertaking their core trading activities
as well as all the necessary support functions. In the field of engineering design, computers are
certainly the primary enabling technology and their introduction has yielded a number of key

benefits. These can be summarised as:

o The ability to produce results that were not previously obtainable with manual methods
(McMahon & Browne, 1993).

% The team-based approach also benefits from the advances in computational techniques especially those

which improve communication and decision making.
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o Locate, retrieve and reuse data in a more efficient and effective manner (Pye, 1991).

o Transfer data rapidly between different users, departments or locations (Laudon & Laudon,
1998).

« Visualise and analyse complex geometries (Zeid, 1991).
« Automate routine and iterative tasks, such as searching and optimisation (Krick, 1969).

Many of these benefits are clearly exploited by software analysis tools such as Finite Element
Analysis (FEA) (Fagan, 1992), Knowledge Based Engineering Systems (KBES) (UGS, 2001),
Computational Fluid Dynamics (CFD) (Anderson, 1995) and Virtual Prototyping (Rosen et al,
1995). The realisation of Computer Aided Engineering (CAE) tools which deal with engineering
analysis, detailed design, assembly, manufacturing and procurement, combined with more
effective management practices has significantly reduced errors, improved the quality and the
reliability of designs, as well as reducing product development costs and the time to market (Pye,
1991).

1.2 Computer support for the early phases of design

Although the number and diversity of commercial software packages for the support of
engineering design continues to rise, many tools are limited to particular phases of the design
process. Further to this, many of these computer based tools are only truly useful during the latter
stages of the engineering design process as discussed in section 2.7, and as a result, supportive
tools and methods for the early stages of product design, where most benefits can be accrued, are
limited® (Baya & Leifer, 1995; Cartmell et al, 1993). This deficiency or lack of supportive
methods is particularly evident at the transition from the conceptual to the embodiment stage of
the design process, during which a concept is transformed and refined into a fully embodied

design solution®.

One of the most important requirements for support during the early phases of the design process
is the supply of information to help the designer develop an embodied solution. The tools and

methods that do provide for support during this critical phase of the design process generally

* The vast majority of the final cost of an artefact is obligated during the early phases of the design process,

and is discussed in chapter 2.

* A review of supportive methods and computer based tools for the design process in chapter 2, highlights a

deficiency in techniques that deal with the transformation of a concept to an embodied solution.
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focus on the electronic’ specification or selection of individual engineering components. The
most common of these tools include electronic catalogues, parametric models, numerical codes,
standard design procedures such as BS 436:1 (BS 436:1, 1967) and component libraries
contained within the fourth generation CAD systems (SolidWorks Corporation, 1998).

1.3 Selecting and using standard components

In engineering design, competitive advantage arises to those companies that can produce
competitive products. This demands that designers produce high quality, high performance design
solutions, with both low development costs and low production costs. One approach to achieve

high quality low-cost engineering is to utilise standard components.

Many authors: Pahl & Beitz (1996); Ulrich & Eppinger (2000); Harmer et al (1998) and Clews &
Leonard (1985), discuss the importance of standard components. In fact, the origins of standard
components, where this standardisation relates to the production of gauged or standardised
component sizes for mass production, can be traced to the early 1800’s when Brunel devised a
mass production line for the manufacture of blocks for ship rigging, producing over 100,000 units
in the first year (Model Engineer, 1993). Although, Henry Ford is often credited with
implementing interchangeable (and by definition standardised) fixtures, fittings and associated
standardised production techniques for mass production in the early 1900’s (Womack et al,
1990).

However, the use of standardised component types and sizes for the configuration of different
products, can really be attributed to Alfred Sloan of General Motors in the 1920s. The philosophy
of Sloan was to standardise many mechanical items, such as pumps and generators across the
entire product range (Womack et al, 1990), whereas Ford used standard parts to rationalise the
components for a single product. The advantages yielded through the mass production of standard
components for both the manufacturer of the component and the user were tremendous, and since
these early years standardised components, and manufacturers of standard components have

become commonplace.

3 Electronic representations encompass any computational method for the design, specification or selection

of a particular engineering component.
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The benefits of standard components for today’s engineer are well documented, and include:

o Increased quality and performance at decreased unit cost. This is typically because the third
party producer can manufacture high volumes, thus reducing unit cost, and invest in leaming
and improvement of the component’s design and production process, thereby improving

quality and performance (Ulrich & Eppinger, 2000).

o Components have been historically proven and possess stable, known performance
characteristics and reliability (Wallace, 1995).

o The use of standard components also yields some indirect benefits such as improved
availability, global acceptance, established maintenance procedures as well as assured long

term concurrency of components (Hicks & Culley, 2001).

The effective identification and utilisation of standard components can therefore significantly
improve the quality and performance of a design solution. In fact, studies by Theobald (1995)
have shown that standard components can provide between 50-80 percent of the components in a
machine system. As global competition continues to rise the utilisation of standard components is
likely to increase, because of the many advantages previously discussed. Consequently, methods
that deal with the identification, selection and procurement of standard or third party engineering

components is a very important research area.

There are two key areas of research associated with standard components, namely methods for
the electronic representation and selection of engineering components and approaches which
support the integration and participation of component manufacturers and suppliers in the design
process. These two areas of research have been instrumental in driving the development of
electronic catalogues (Culley & Webber, 1992), the establishment of common practices for the
geometric representation of engineering components such as STEP (Pierra, 1994); the generation
of part libraries for fourth generation CAD systems (Autodesk Inc, 1997), the development of
information systems for stock control, availability and pricing (Curtis, 1991) and methods for
assessing and liasing with suppliers (Boston ef al, 1999). All of which provide support for the

designer during the identification, selection, procurement and assembly of standard or third party

engineering components.
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The adoption of these technologies over the traditional manual based processes for engineering
component procurement® yields distinct benefits for the designer, these are documented by a
number of authors: Vogwell and Culley, 1991; Reinemuth, 1993 and Webber, 1994. The main

benefits can be summarised as;:
o The removal of a lot of the time consuming searching, calculations and analysis.

o The ability to consider many more individual component options from different

manufacturers.
« The provision of accurate and complete information for current products.

¢ Up-to-date information on cost, stock, ordering and availability from the manufacturer or

supplier.

« The ability to design strategically from suppliers and optimise component selection, for

example costs.

o The provision for automatic inclusion and importing of two-dimensional and three-

dimensional computer models.

1.4 Standard components and system design

Much of the emerging research and new technologies, and in particular electronic catalogues,
deliver significant advantages over the manual procedures for the identification and selection of
engineering components. However, most approaches consider components in isolation, where as
engineering assemblies are generally complex systems (Pahl & Beitz, 1996; Flood & Carson,

1988), and as such should be considered in a holistic manner. In particular, if an overall optimum

is to be established then a systemic’ approach that considers standard components and their
associated representations is needed. Through evaluation of current technologies, four key
limitations to their ability to consider systems and standard components during the early stages of

the design process are identified:

8 For the purpose of this work, procurement encompasses all the necessary tasks to identify, size or select,

specify and acquire a particular engineering component from a third party supplier.

7 For the purpose of this work, a systemic approach is one which considers a system and its included

elements as a whole.
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» As true globalisation becomes more of a reality, the designer has access to many more
component manufacturers and suppliers, each providing many different types of component
which are available over a large number of discrete sizes. This makes for an exponential
number of possible configurations for component types, sizes and combinations, which must
be investigated by the designer. Unfortunately, many suppliers have adopted their own ad hoc
standards for their electronic selection procedures, requiring the designer to be familiar with
all the intricacies of operation for the various search techniques, controls and interrogation

procedures for different component types.

» The wealth of emerging electronic media combined with its rapid development, has resulted
in many different software environments, such as web-based applications, CD-ROMs,
spreadsheet systems and numerous CAD environments. This demands that the designer be

familiar with all these different applications, and frequently different platforms.

» The current technology and tools for the selection of engineering components only provide
for the selection of individual components in isolation. The utilisation of standard
components in the context of systems design is largely overlooked by many authors (Webber,
1994, Reinemuth, 1993). A systems approach is very important because of the highly coupled
nature of mechanical components, which must be represented in order to develop a feasible

and optimal solution.

o In the pursuit of an optimal design solution it is essential that the system of components is
considered as a whole, where this consideration is provided within a single controlling
software environment. Consequently, if optimisation of systems comprising standard
components is to be achieved then the various representations for individual components
must be interfaced or integrated with optimisation software. This need for integration or
interfacing of computer based systems was identified as an important area for future research

and development by a recent industrial workshop (Culley, 1999).

Whilst the diversity of component selection procedures and representations does yield inherent
limitations, this diversity has certainly facilitated the progression and advancement of electronic
selection procedures. Consequently, many of the current electronic representations provide very
powerful design and selection tools for individual components. Therefore, it is desirable that the
integrity of these representations be maintained, so that the benefits of each class or type of

representation can be realised within a systems approach. In addition to this, it is essential that
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real’ engineering components are considered at the early stages of design and also during

optimisation.

1.5 Research aims

The previous sections highlight the significant benefits and the important role of standard
components for machine systems design, and argue that their utilisation is going to rise in the
future. These factors, coupled with the desire of the designer to develop the best solution, demand
that techniques which deal with strategic and optimal design of machine systems also consider
standard components. Furthermore, because the influence of standard components on the success
of the design is so significant, and the majority of costs are obligated during the early stages of
the design process. It is particularly important for procedures that size, select or specify standard
components to be considered during the early stages of the design process. In order to achieve
this, the ability to model and analyse design concepts for their embodiment with standard
components is needed. Such an approach would enable the consideration of standard components

at the earliest possible stage in the design process.
To address these issues three hypotheses are proposed:
Hypothesis 1

The electronic representations for standard engineering components can be manipulated in such

a manner so as to enable the performance of mechanical systems to be represented.
Hypothesis 2

This approach can be implemented in a computer based support tool to enable the representation

of topology and performance for conceptual systems of standard components.
Hypothesis 3

The approach can be extended to enable the configuration, embodiment and optimisation of

engineering systems from standard components.

¥ The term ‘real’ denotes those elements which may already exist, have been previously used and have
predetermined or predefined properties. In many cases, these are either selected from a third party
catalogue or designed through standard procedures, and may therefore be produced or procured exactly as

specified.
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In order to investigate these hypotheses a number of key objectives have been identified:

« Investigate modelling approaches for engineering systems in other domains, with a view to
the development of a strategy for representing machine systems and in particular rotating

power transmission systems.

o Develop a modelling approach for machine systems that represents the performance

capabilities of the system and individual components.

» Investigate the various classes of electronic representation for engineering components and

develop a methodology for their consideration within a machine system model.

« Create a computer based support tool for the configuration and embodiment of mechanical

systems from standard components.

+ Identify the requirements for the optimisation of mechanical systems configured from
standard mechanical components, and develop the issues for the parametric optimisation of a

machine system model.

« Demonstrate the modelling approach through the application of the computer based tool to

industrial case studies.

These objectives are addressed by the work described in each of the chapters.

1.6 Thesis structure

This chapter has provided a brief introduction to engineering design, the economic and global
issues which drive the need for improvements in the design process, the range of industrial and
academic research and their deliverables. The importance of standard components, their current
utilisation in engineering design and their considerable benefits are highlighted. Furthermore, the

lack of supportive tools and methods for the important area of systems design from standard

components is discussed, and the limitations of current technologies and techniques for
representing the performance and geometry of mechanical systems are described. These
limitations or deficiencies drive the need for research into methods that deal with system design,
and the development of techniques that consider the various emerging and current technologies
for representing individual engineering components within a systems approach. The following
paragraphs provide a synopsis of each chapter, and an overview of the thesis is given in figure
1.1.
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Chapter 2 provides a detailed review of engineering design and relevant research work. In
particular, the review focuses on the traditional engineering design process, and the various types
of design activity undertaken by engineers today. This highlights the importance of standard
components in the design of systems and the reliance of today’s designer on computer based
support tools. Further to this, the importance and advantages of electronic selection procedures
are described and their limitations with respect to the evaluation of performance and geometry for
systems is discussed. This chapter concludes by identifying and developing the outstanding

research issues that form the basis of the hypotheses of this work.

Chapter 3 reviews systems modelling approaches in other engineering domains, and in particular
fluid power and electrical circuit design. Following this, a review of standards and techniques for
representing data describing engineering components and/or their interactions is undertaken, and
the diversity of electronic (computer based) representations for individual engineering

components is discussed.

Chapter 4 describes the development of a system modelling approach for mechanical systems,
and in particular machine systems. This includes system representation, representing interactions
and resolving the sys:tem model, which are necessary to achieve a flexible’ component based'®
modelling environment. This chapter also introduces the key aspects and architecture necessary
for an integrated modelling environment that provides for the embodiment of mechanical systems

from standard selected and standard designed components.

Chapter 5 and chapter 6 build on the modelling approach developed in chapter 4. Each chapter
discusses the development of the functions necessary to support system embodiment and in
particular data arbitration and compatibility analysis. The requirements for each of these
functions are discussed and strategies which compliment the proposed modelling methodology
are developed. These support functions ensure that a system of components is determined which

is free from conflicts and ambiguities, and is capable of delivering the required performance.

Chapter 7 categorises the various types of electronic representation for mechanical components,

and discusses the importance of integrating or interfacing these current and emerging

® Flexible is used in the context of this work for approaches where there are no prescribed methodologies or

procedures for the modelling of mechanical components per se.

1% Component based is used to denote an approach that considers individual components and their

associated representations.

10
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representations with a single design environment. A review of previous work in this area is
undertaken and a number of approaches are investigated. The chapter concludes with an overview
of a generic approach for interfacing electronic representations which is incorporated in the

modelling environment developed in this work.

Chapter 8 provides an overview of a computer based modelling tool which implements the
various aspects of the modelling approach developed in the previous chapters. An overview of the
software architecture is provided and the softwar¢ modules that provide for each of the key
aspects of the modelling approach are described. Furthermore, a case study is used to illustrate

the application of the software as a design support tool.

Chapter 9 discusses the need for multi-objective optimisation and strategic design. This identifies
the need for complete component information at the early stages of design, however, attributes
such as cost and mass are often absent. Consequently, methods that allow for the modelling of
incomplete design data, and in particular cost, are developed for the full range of mechanical

components.

Chapter 10 discusses the issues associated with the optimisation of systems of standard
components. These are used to develop the requirements for a strategy that provides for the multi-
objective optimisation of design solutions. This strategy deals with both discrete and continuous
solution spaces, necessary in order to include standard components in a design and optimisation

environment.

Chapter 11 describes the application of the modelling tool to a number of industrial case studies.
This demonstrates the feasibility of the modelling approach and highlights the capabilities of the

new approach and the significant benefits for the designer.

Chapter 12 reflects on the original hypotheses of this research and critically appraises the work.
From this, a number of key conclusions are drawn and the contribution of the work discussed.
Furthermore, a number of future research issues in engineering design are highlighted and

possible directions for future work that addresses these issues are discussed.

11
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Review of Engineering Design

This chapter provides an overview of engineering design, covering fundamental methods,
processes and theory, as well as highlighting key technologies and research relevant to this work.
Firstly, the importance of research in engineering design is discussed and models of the design
process are described. The three classes of design activity: adaptive, variant and original (Pahl &
Beitz, 1996) are discussed and their extents of practice in various engineering sectors are
highlighted. Secondly, various modelling analysis activities which support the design process are
described and their limitations discussed with respect to systems modelling and the selection of
standard components. Following this, an extensive review of computer based support tools for
engineering design is undertaken and the extents of applicability or usefulness for each tool over
the design process is highlighted.

The major focus of engineering design research is concerned with investigating and optimising
the various activities of the design and manufacturing processes. Figure 2.1 illustrates the typical
product life cycle from which it is clear that ultimately effective design is a pre-requisite for
effective manufacture. This investigation and optimisation aims to improve the quality, efficiency
and effectiveness of both the aforementioned processes in order to “better match products to
customers needs” (NRC, 1991), and develop a commercially successful product. These goals are

addressed through intensive research by academia and industry which deals with:

o Improved product quality. This is measured in terms of the ideal quality a customer expects,
i.e. that every product delivers the target performance each time the product is used, under all
intended operating conditions and throughout its intended life and with no harmful side
effects (Phadke, 1989).

o Incorporation of advanced technology. This requires the committal of considerable research
and development funds, as much as ten to twelve percent of annual turnover, and generally

yields technological leadership and ultimately products with superior functional performance
(Holt, 1991).

13
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»  Reducing time to market. This requires the minimisation of the product development time and
if achieved in relation to market competitors creates invaluable lead time for the product, as
well as extending the product’s saleable life. Therefore, a delayed or prolonged development
time for a product can have a significant affect on profitability, which can be far greater than
any increase in development costs necessary to reduce time to market (Smith & Reinertsen,
1995).

»  Reducing product cost. The final product cost is determined by the various activities of
manufacture, assembly, marketing, distribution, research and development, as well as
operational costs for the respective company (Phadke, 1989). These costs are passed onto the
customer and in conjunction with the market forces determine a product’s saleable value and

therefore its realisable contribution and profit.

The areas detailed above are not meant to be collectively exhaustive and are considered broad
enough to encapsulate any traditional concepts which the reader may desire to include such as
reliability, ergonomics and design for X type activities (Zeid, 1991). It is also noted that other
factors such as management, marketing and technological strategies play a vital role in the

quality, functionality and ultimately the commercial success of the product.

The development and application of research findings is essential for the advancement and
improvement of engineering design per se. In the main, research findings are embodied and
incorporated into the design process through either computer based support tools or techniques
(Information Technology), design engineering (management) philosophy, or process models and
methodologies, each of which may be tailored to a specific industry sector or a particular activity'
of the design process. The key areas of work which impact on this research are the design
process, the current state of modelling and analysis for systems design, the role of standard
components in engineering design and computer based support tools for the design process, and

in particular the early stages.
21 The design process

To improve the efficiency of engineering design, researchers have over the years classified and
modelled the overall engineering design process in order to capture the special skills and
underlying systematic thought and procedure. However, it is not meant to replace or remove the

intuitive, creative and experience driven elements of design. The goals of such design methods

! These activities include any of the individual tasks of the design process as well as any class of design
activity, such as redesign or adaptation.
14
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are therefore to; encourage a problem-directed approach, foster inventiveness and understanding
to facilitate the search for the optimum solution and the application of known solutions to related
tasks, as well as ensuring compatibility with modern management-science and the concepts and
methodologies of other disciplines (Pahl & Beitz, 1984). The design process is modelled by many
authors as a systematic process which the practising designer may follow in a step-by-step
manner, although iterative loops are prevalent throughout the various schemes. The typical or
accepted models include those derived by Pahl and Beitz (1984), Ullman (1992) and Pugh (1991),
depicted in figures 2.2, 2.3 and 2.4 respectively. These models aim to guide the designer to
possible solutions and ultimately the most promising thereof more directly. The correlation
between proposed systematic design models is strong and the systematic design process is
generally understood to comprise four main activities; clarification of the task or specification,
conceptual design, embodiment design and decision making and detailed design. These are
described in an approximately chronological order due to their inherent dependency on one

another.

2.1.1 Clarification of the task or specification

Clarification of the task is undertaken by the designer or design team with the appropriate parties.
It primarily entails the identification and collation of the requirements which the customer desires
in the final designed artefact. It also involves the development of constraints imposed by the
customer on factors such as technology, availability of materials or particular components,
consumables and the environment. Aspects such as ergonomics, aesthetics and safety may also be
considered at this stage. This activity culminates with the production of a detailed specification
that covers the desired functional, physical and performance characteristics, against which

possible design solutions can be evaluated.

2.1.2 Conceptual design

The conceptual phase of the design process is described in many texts and often commands
considerable explanation (Pugh, 1991). Authors attach great importance to this phase and
describe many sub-processes in the overall activity. These include function structures, developing
concepts for each function (functional morphology) (Ullman, 1992); identifying the solution
principles and combining them into concept variants (Pahl & Beitz, 1984) and establishing a
concept comparison and evaluation matrix based on a criteria generated from the product design
specification (PDS) (Pugh, 1991). During this phase of the design process, it is essential that the
designer continually seeks to combine the elements of strong concept variants in order to

configure improved concept hybrids and ultimately a more effective design solution. The
15
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designer may need to construct detailed sketches and undertake preliminary analysis of the most
promising concepts in order to evaluate and compare possible solutions against the desired

criteria.

The majority of literature acknowledges the fact that each step in the conceptual phase must be
intensely completed in order to achieve the best concept variant. Processes and tasks within the
conceptual phase may be repeatedly performed and indeed steps four to six of figure 2.2 afford
the possibility of unlimited iterations in order to develop the most promising solution (Pahl &
Beitz, 1984). Indeed Pugh (1991) states that the included tasks should be rigorously adhered to
and encourages as much iteration and refinement of designs as is possible. This is because it is
much less expensive to extend the conceptual design phase than correct or refine a design later in
the process. In fact, to correct the fundamental shortcomings of concepts in the subsequent
embodiment and detail design phases it is extremely difficult or often impossible (Pahl & Beitz,
1996). 1t is also critical at the conceptual stage, that the designer seek as much input and
information about new and existing technology from both formal and informal sources in order to

develop the most successful design.

2.1.3 Embodiment design and decision making

During the embodiment phase of the process the designer or design team are concerned with
determining the layout and form of the concept(s). The technical specification of the solution(s)
must be determined in accordance with accepted design and manufacturing practices, these may
be recognised standards or company specific procedures. The embodiment phase will typical

involve tasks such as:
o The generation of scaled drawings for the solution.

o Sizing and determination of standard designed or standard selected components, such as

shafts, keyways and chain drives or gears.
o Design of non-standard elements such as housings and brackets or even bearings.

o Evaluation of system characteristics and attributes to meet essential performance

requirements.

o The consideration and inclusion of standard parts/components. The benefits of which are

discussed in section 2.3.

o The rationalisation of system elements. This involves introducing interchangeable

components into an assembly which reduces the spread of stock required by the manufacturer

16



2 Review of Engineering Design

and reduces cost. Furthermore, benefits such as improved reliability and maintainability can

also be realised.

The final embodied solution(s) provides the basis for determining the functional, spatial and
financial viability of a design, other measures may also be considered, such as strength, reliability

and ease of manufacture.

2.1.4 Detailed design

This phase of the design process is sometimes combined with embodiment design because the
distinction between certain activities is fuzzy or activities may be repeated in both phases.
However, their emphasis or focus may differ, one such example is in the design of non-standard
components. In the embodiment phase the designer is concerned with satisfying essential
geometry and performance levels, where as in the detailed design phase the designer may be
concerned with design for manufacture, material and assembly, as well as such tasks as
optimisation of mass, power transmissibility or any predetermined criteria which the design is to

be optimised against.

This phase ultimately culminates with the production of arrangement and part drawings for all
elements of the solution. These specify arrangement, connections, form, dimensions, tolerances

and the surface finish of each element, as well as listings of all standard/third party elements.

2.1.5 Bespoke models and methodologies

In addition to the development of process models and methodologies that support the overall
design engineering approach. Design processes are often adapted for specific engineering design
procedures in different industry sectors or specialist branches (VDI 2221, 1986). In fact, the
adoption or generation of company specific methods are often cited as reasons for sustaining

competitive advantage.

The main advantages of customised or adapted design methods include the focusing of design
efforts to particular activities, the identification of essential activities and often the establishment
of suitable tools and techniques in support of the specific activities. These are particularly
important in heavy engineering where safety is important, or in machine tool construction where
accuracy, speed and flexibility are essential, or the motor industry where appearance, ergonomics

and cost are important.

These methodologies can be top down holistic approaches or bottom up methodologies derived

from specific cases, such as the routine design of mixing machines (Brinkop et al, 1995) or a
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