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Abstract 

Matching the configuration of a product to available production capabilities during 
the design process directly affects product cost and hence product competitiveness. 
Existing approaches to improving manufacturability are helpful in the latter stages 
of the design process and usually involve corrective redesign. To avoid redesign, 
designers require appropriate guidance in the early stages of the design process. 
Guidelines, that is prescriptive recommendations for actions to address issues, are 
frequently used to provide this guidance. However, guideline sets are often poorly 
structured, incomplete, and the guidelines difficult to retrieve and apply. 

The overall aim of this research is to improve guidance to designers, particularly 
manufacturability guidance, early in the design process. Particular objectives of this 
research are to improve existing methods of guideline collection, storage, and retrieval. 

The research proceeded in the following pattern: 

- Case studies explored manufacturability problems in a small company. 
- Guideline support concepts were developed using a retrospective case study. 
- Collection concepts were developed with observational studies. 
- Storage approaches were developed using advanced composite guidelines. 
- A link-based retrieval technique was validated with a mechanical design 

protocol study. 
- Collection, storage, and retrieval methods were empirically tested. 

The results of this research were: 

- a technique to directly relate guidelines to the design process 
- a system of links relating guidelines to each other 
- an Action-Centred Guideline Approach 
- a preliminary software implementation of the approach 
- validation of the utility of the approach. 

The conclusions from this research are: 

- Guidance in the early stages of the design process can be improved through 
the use of structured guidelines. 

- The Action-Centred Guideline Approach improves the collection, storage, and 
retrieval of guidelines. 

- Empirical validation showed that guideline links are an effective means for 
improving guideline retrieval. 

- Further research is required in the areas of integrating the approach with other 
design tools, and in extending the link technique. 
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1 Introduction 

This thesis presents research into support for manufacturing considerations by 
design engineers during the early stages of product design. An approach to 
improve access to design guidelines during design synthesis activities is developed 
using case studies and guideline collections. A software tool embodying part of the 
technique is used to test the concept. The work presented was performed in the 
Engineering Design Centre of the Cambridge University Engineering Department. 

1.1 Introduction to the Problem 

The majority of product realisation costs are determined in the early design stages 
but only realised later during manufacture. Consequently, increasing cost 
competitiveness has led to the development of a number of design tools to improve 
design decision making with regard to product manufacturability. Competitive 
pressure to reduce new product introduction time has further emphasised the value 
of techniques that address manufacturability as early as possible in the design 
process. 

Experienced designers often develop a good understanding of how to design a 
product for certain manufacturing capabilities. This knowledge can even impact the 
early design stages to improve product manufacturability. This personal 
knowledge, however, may not transfer to designing for a different manufacturing 
environment, and may not represent industry best practice. Also, passing this 
information on to subsequent generations of designers is increasingly difficult as the 
workforce becomes more mobile. To varying degrees, design tools provide an 
opportunity to capture personal expertise and industry best practice and 
disseminate them to designers. 

Many existing manufacturability support design tools are fundamentally analysis 
based. They analyse an existing or proposed design often using indices and then 
recommend changes (Lenau and Alting, 1996; Miles, 1989; Watson and Radcliffe, 
1995). They also tend to focus on the component level as opposed to the product 
level. This, combined with overly focusing on simplified manufacturability rules, 
can inhibit in-depth thinking about the product as a whole which in turn leads to 
suboptimal assemblies (Barkan and Hinckley, 1993). This is a problem in the early 
stages of a design when major product-level decisions are being made. As a result, 
existing Design for X tools do not support conceptual design effectively and have 
limited utility in layout design (Watson and Radcliffe, 1995). During product 
planning and conceptual design phases, functional deployment techniques are 
available to develop product and manufacturing plans that help frame the product 
but are limited in their ability to directly support synthesis of a design (Erixon and 
Ostgren, 1993). 
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There remains a gap in the range of manufacturability support tools available during 
the initial synthesis process when the initial product and component structure are 
determined. Such support tools are desirable to provide a sounder initial design as 
input to existing analysis-based manufacturability tools. The potential benefit is a 
more" global" product optimisation. Catalogue component lookup and reuse of 
designs are being developed as means of impacting the design synthesis process 
(Kusiak et al., 1991; Sturges et al., 1993; Ulrich and Seering, 1989). Both approaches 
offer potential time savings and quality improvements by using proven designs 
when an extensive collection of previous designs is available, otherwise they risk 
unnecessarily constraining a designer. Computer-aided design systems that design 
using manufacturing features offer synthesis support at the late embodiment and 
detail design stage (Jaques et al., 1995). An alternative means of exploiting design 
and manufacturing knowledge is desired which directly supports the synthesis 
process and takes advantage of designers' creative abilities early in the design 
process. 

1.2 Research Goals 

The focus of this research is on delivering information to designers, specifically 
information that will help develop a more manufacturable product. The main effort 
centres on the collection, storage and delivery technique. This contrasts with the 
majority of traditional design for manufacture research that focuses on the content of 
the information, that is, determining what aspects of the design drive manufacturing 
cost and lead-time. 

The main aim in this research is to 

• develop a method to provide manufacturing information to the designer in 
such a way that it supports the product synthesis process in the early design 
stages. 

An approach relying on design guidelines and examples is identified as a means to 
accomplish this aim. The main objective of the research then is to 

• improve on existing methods for collection, storage, and retrieval of design 
guidelines. 

A guideline in this research is a prescriptive recommendation for a context sensitive 
course of action to address a design issue. In support of the main objective: 

• a guideline usage model is developed which is based on a model of design 
progression 

• a guideline linkage scheme based on the model is developed which links 
design and manufacturing domains 

• the utility of the linkage scheme is demonstrated for guideline collection, 
storage, and selection. 
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1.3 Overall Approach 

This research uses a proven approach to the development of manufacturability 
methodologies (Poli et al., 1992) in a descriptive engineering design research 
framework (Blessing et al., 1995). It is not intended as an isolated piece of work, but 
builds on work done previously and concludes with recommendations for 
continued investigation. The descriptive design research model is matched against 
previous work done with design guidelines and manufacturing information in 
Figure 1-1. The basic cycle begins with desired improvement criteria. Observational 
studies (Description 1) are performed and the results are combined with theory to 
develop a prescriptive recommendation. The recommendation is applied and the 
results are observed (Description 2). 

Research Model 

Criteria 

-t 
Description 1 

-t 
Prescription 

-t 
Description 2 

Guideline and Principle 
Research 

improved embodiment 

(Aguirre Esponda) 

Aguirre Esponda, Edwards, 
Stephenson 

Ackers 

Manufacturing Information 
Research 

improved manufacturability 

Chen 

Chen 

Figure 1-1. Previous Research Strands 

The two main strands of previous work are research into design guidelines and 
principles, and studies of designers' manufacturing information needs. Aguirre 
Esponda's initial guideline work was not direct descriptive observation, but rather 
an effort to collect the observations and prescriptions of others in the form of 
guidelines. Aguirre Esponda developed a classification of the guidelines and 
proposed three main design principles for use in guiding a designer (Aguirre 
Esponda, 1992). Edwards enhanced the usability of the collected guideline set and 
trialed it as a design support tool (Edwards, 1994; Edwards et al., 1993). Ackers 
tested the approach in a descriptive study and made recommendations for 
improvement (Ackers, 1994). Using the basic design principle work developed by 
Aguirre Esponda, Step hens on developed a principle-based Design for Reliability 
method (Step hens on, 1995). 

In a separate line of enquiry, Chen observed the use of manufacturing information 
by design engineers in industrial, academic, and laboratory settings (Chen et al., 
1995). He developed an information flow model and an information support 
framework, which has not been tested in a final descriptive study (Chen, 1997). 

Poli et al relate a Design for Manufacturability (DFM) model building process that is 
similar to the Prescription and Description 2 steps in the research model. The focus 
is on deriving and validating a cost model. They emphasise development and 
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validation of the model with industrial experts and data (PoH et al., 1992). The work 
presented in this thesis focuses on a design information model as opposed to a cost 
model, but the development and validation challenges are similar. The primary 
concern is improving the understanding of guideline support for engineering design 
problem solving. Some issues of computation and cognition are necessarily 
addressed for a well-balanced approach (Salustri and Venter, 1994). 

This current research proceeds through a Description 1 - Prescription - Description 2 
cycle making use of the previous work as shown in Figure 1-2. Emphasis is on the 
Description 1 and Prescription phases. Two industrial case studies at DesignAware 
Ltd serve to frame the early design manufacturing information problem which was 
identified by Chen (1997) as particularly difficult. These studies highlight the value 
of guidelines and examples as a link between early design stages and 
manufacturing. A case study of the design of a Rotary Damper for spacecraft 
applications serves to improve understanding of guideline usage. This 
understanding is required for initial development of a guideline usage model. 

Development continues with analysis of design for assembly guidelines and a series 
of advanced composite case studies that are used to develop the approach to linking 
guidelines. The guideline approach relies on these links between guidelines, and 
between guidelines and related information. Based on a simple model of design 
progression, the approach aims to provide easy access to appropriate guidelines. 
The model also serves as a basis for placing new guidelines into an existing 
guideline set. The potential of the approach is demonstrated and the concepts are 
refined using a mechanical design verbal protocol. 

The final descriptive effort aims to validate the utility of the guideline approach. A 
new guideline database incorporating many aspects of the proposed guideline 
approach was written by Charlton. Known as the Cambridge Engineering Database 
(CED), this includes Charlton's new scheme for associative searching which is an 
alternative to keyword searching (Charlton and Nowack, 1997). Empirical testing 
with the CED to place new guidelines into a database and retrieve guidelines during 
actual design efforts is related in Chapters 7 and 8 respectively. 

This Research Section 

manufacturability problem 2 
criteria guideline support 3 

J, 

description 1 
DesignAware Ltd study 2.6 
Rotary Damper study 4 

J, 
model development 3.5,4.7 

prescription guideline organisation 5 
protocol study 6 

J, 

description 2 
guideline collection 7 
support system study 8 

Figure 1-2. Research Flow 
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1.4 Data Sources 

A number of data sources are used throughout this investigation to improve the 
understanding of guideline usage in design as shown in Table 1-1. The 
DesignAware and Rotary Damper case studies are original data, consisting of one 
real-time design study and two retrospective studies. The advanced composite cases 
consist of a variety of retrospective cases from various sources. The nearly 3,500 
guidelines collected by Aguirre Esponda are studied as a set and used in the new 
database. The mechanical design protocol is a re-analysis of data previously 
collected. Guideline entry trials, the design experiment and the field trials are all 
original data involving the use of the CED. 

Table 1-1. Data Sources 

Data Source Thesis Section 

CamCane Ltd case studies 2.6 
Rotary Dam2er case study 4 

Advanced composite case studies 5.3 
Aguirre Esponda's guideline collection 5.2 
Mechanical design verbal protocol 6 
Guideline entry trials 7 
Design experiment 8.2 
Field trials 8.3 

1.5 Thesis Organisation 

The remainder of this thesis is organised as follows: 

Thesis Chapter 

2 

3 

4 

5 

6 

7 

8 

9 

10 

aspects of design and manufacture and the need for 
synthesis support 

role of guidelines and examples in design and guideline 
theory development 

guideline application study and guideline model 
development 

guideline organisation to support manufacturability 
considerations 

mapping a design project to guidelines, potential 
guideline usage 

use of the guideline scheme to collect and organise 
guidelines 

manufacturability support system 
and test of prototype tool 

summary.of the action-centred guideline support 
approach 

summary of the research and recommendations for 
future work 
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2 Design and the Manufacture Interface 

The goal of new product development is the creation of a product that satisfies a set 
of needs and has minimal adverse impact. As part of new product development, the 
design phase has as its goal the creation of a product description which is complete 
enough to manufacture the product without reference back to the designers. 
Arriving at such an ideal result requires careful consideration of the environment in 
which products will be designed, produced, and used. It can be argued that the 
complexity and uncertainty of these environments, or contexts, makes designing a 
complex task (Fitzhom, 1994). Through experience, designers develop a personal 
style and pragmatic heuristics to cope with this complexity (Powell, 1987). 

This chapter presents: 

• several aspects of design and design's relationship to manufacture 

• existing solutions for early manufacturability support 

• results of industrial case studies which reveal a promising way forward using 
design guidelines and case examples. 

2.1 Design Context 

During a study of influences on a design process, Hales produced the model of 
design in an industrial context shown in Figure 2-1 (Hales, 1987). As can be seen, 
influences on the product design cycle are quite varied and as a result are invariably 
difficult to account for. Failure to account for these impacts can result in a product 
that fails to meet original needs, is delivered late, costs too much, or all three. 

Hales shows a series of phases that the design and subsequent product pass 
through. This path must be well understood if design tools1 are going to effectively 
impact the design and account for the context. Hubka and Eder developed a similar 
model of what they refer to as the" design situation". It is noteworthy that they 
detail more external influences and include personal factors such as training, work 
environment, and even attitudes (Hubka and Eder, 1995). At a more detailed level, 
the design development takes place in a context defined largely in terms of goals 
and constraints. Some of these originate external to the design and designer as in 
Hale's model, but others result from previous decisions about the design and from 
fundamental limitations of the problem domain (McGinnis and Ullman, 1992). 

1 Tool: an identifiable group of design methods performed to address particular design issues. A 
tool can be applied to similar issues in multiple design problems. This use is similar to the use of 
method and activity (Blessing, 1994; Eekels, 1995). 
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Figure 2-1. Engineering Design Process Set in Context (Hales, 1987) 

2.2 The Design Process 

The design path can be viewed as a transformation process whereby the initial need 
is transformed into a product design under the influences resulting from the context. 
Design methods can benefit the designer by accounting for contextual issues. 
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2.2.1 Design as a Transformation 

To represent design as a transformation process, both operators and operands need 
to be identified. The operand for designing is information that represents the state 
of the design. Hubka and Eder show this in the "Designing" path in Figure 2-2 
(Hubka and Eder, 1992). 
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Figure 2-2 General Model of the Design Process (Hubka and Eder, 1992) 

An important part of the Hubka and Eder representation is the distinction between 
the product as represented in the operand and the design process operators that 
effect the transformation of the operand. Both are information intensive although 
the nature and purpose of the information differs. Design methods and tools which 
exist to help designers operate on the design can be viewed as manipulating 
information in the transformation process. 

2.2.2 Transformation Phases 

There are a number of ways to represent the elements of the transformation. These 
vary according to whether the focus is on the product (operand) or the design 
process (operations) and by the level of detail. The views are models of the design 
transformation and are important as design and design management tools are based, 
often explicitly, on a particular representation. 
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Various portions of the transformation process have recurring and distinct 
characteristics and require a design approach different from other portions (Hubka 
and Eder, 1995). These portions, or phases, relate to product planning, concept 
generation, embodiment, and detail design as shown in Figure 2-3 (French, 1985). 
The boundaries between phases are often not distinct as different parts of a design 
develop at different rates and iteration is used to help converge on an optimal 
design solution. 

Figure 2-3. Design Phases (French, 1985) 

In Figure 2-4 Pahl and Beitz' model develops the design in five distinct steps. 
Specific tools are recommended for each step. Again, iteration is used throughout to 
"optimise" the design as it progresses (Pahl and Beitz, 1984). Managing or 
controlling the process in all but the simplest products can become quite confusing. 
To cope with this confusion, the inherent phases can be used as the basis for a 
structured, or systematic, product development approach to organise the complex 
problem solving tasks facing designers. 

As seen in Figure 2-5, the phase transitions provide opportunities for management 
review of the progress and to formally change approaches for the next phase. 
Management activities also vary with the stage of product development as design 
activities and management activities need to be in harmony with each other (Hales, 
1993). 
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Figure 2-4. Steps of the Design Process (Pahl and Beitz, 1984) 
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Figure 2-5. The Product Design Process (Ullrnan, 1992) 
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2.2.3 Design Convergence 

All the phase models of the product realisation process include feedback paths. 
These help the design converge on an optimal solution by taking into account 
various downstream activities as outlined in Figure 2-6. While the feedback 
approach is effective, it can also be time consuming and so has been the focus of 
many efforts to reduce product development time. 

In general, the further apart the two activities in question (//1// and //n" in Figure 2-6), 
the more effort is required to traverse through the design and feedback loop to 
converge on a good solution. When the cycle becomes too slow and difficult it may 
be avoided altogether with design shortfalls simply tolerated. Means of reducing 
the time required for this cycle include speeding the information flow through the 
cycle; improving the design and support processes in order to traverse through the 
cycle fewer times; and restructuring the overall process. Table 2-1 outlines some 
approaches to tackling this problem which are discussed in subsequent sections. 

A second, less dynamic, type of information feedback exists in design, namely 
knowledge incorporated into design methods used. The source of this knowledge is 
typically past projects, experiments, and theory as highlighted in Figure 2-7. 

feedback 

design -. design -_~~ design - - ~ design-. assessment-' refined 
activity 1 activity 2 activity n design 

Figure 2-6. Design Activities in the Design Feedback Cycle 

theory 

~[O 
current project 

design activities 

'----------~ ~ 

experiments 

previous 
projects 

Figure 2-7. The Design Method Knowledge Feedback Cycle 
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Table 2-1. Convergence Improvement Approaches 

ota 

Statistical Process Control 

earl assessment 

2.2.3.1 Improved Information Flow 

In a study of product development at Toyota, Whitney noted a focus on the 
information flow through the product development process with design tasks and 
tools developed specifically to enhance the flow of information through various 
corporate activities as shown in Figure 2-8 (Whitney, 1993). The thickness of each 
activity bubble represents the level of effort at that point in time. Each activity can 
be thought of as its own transformation process, made unique by its inputs and 
outputs (information), operators (designers), operations (design activities) and 
operands (state of the design). Early information transfer concepts were generalised 
by identifying specific conditions that favour transferring information to the next 
activity (Krishnan et al., 1995) and by restructuring the operations in the activities 
(Eppinger et al., 1989). 

--0 MARKET CONCEPT 

Official release .......... ~ 
of information ~ STYLING 

Continuing responsibility 

~ PRELIMINARY DESIGN 

FLYING START 

~ DETAILED DESIGN 

o PROTOTYPES 

o EVALUATION 

--=::::r::::=J> TOOLING DESIGN 

~ TOOLING PRODUCTION 

Figure 2-8. Flying Start and Continuing Responsibility (Whitney, 1993) 

2.2.3.2 Advanced Design 

Advancing portions of the design information to downstream activities requires 
careful attention to the information generated at each activity and requirements for 
information at downstream activities. The effects of the advanced design 
information can then be examined and the results fed back to the current activity. 



Design and the Manufacture Interface 13 

This allows designers to explore consequences of early decisions. This is a technique 
commonly supported by design automation. For example, the FANTASY system 
automatically generates candidate assembly plans once major components are 
identified (Hsu et al., 1993). The system then provides redesign suggestions as 
feedback. Such an approach allows for changing the product while it is still easy to 
do so. Designers have been observed projecting their design through downstream 
steps to assess the consequences in order to explore unfamiliar design areas 
(Nowack, 1995). 

2.2.3.3 Improved Assessment 

Improving the accuracy of the assessment will ideally feedback better guidance 
during a redesign cycle. Statistical Process Control is such a case, where clear 
metrics are provided to guide upstream redesign. 

2.2.3.4 Synthesis Support 

Improving the initial synthesis process will lessen the likelihood of a design 
feedback cycle being necessary. One approach is to ensure timely delivery of 
relevant information to the designers. Design handbooks are typical repositories for 
such information but access can be difficult. Case-based information systems 
(Kumar and Krishnamoorthy, 1995), and electronic design handbooks (McMahon 
and Pitt, 1995) are used to improve delivery. 

A second synthesis support approach is to incorporate necessary design knowledge 
in a structured design process. Following the prescribed process reduces the 
likelihood of redesign. 

2.2.3.5 Simultaneous Activities 

To shorten design time, tasks may be performed simultaneously. With simultaneous 
task execution, the impacts of decisions on other tasks can be quickly seen and 
corrective actions taken. Such an approach can be thought of as consisting of many 
small feedback loops, all of which are quickly traversed. One challenge is 
coordinating the multiple and usually interdependent feedback cycles. 

Computer-based tools are being used to handle the large amount of data required to 
coordinate this approach. For example, using a Product Data Model (PDM) to 
contain design information throughout the design process allows various 
participants in the design process to access and operate on the design data using a 
variety of design tools (Murdoch and Ball, 1994). PDMs are being employed to 
support concurrent engineering where they allow for operators from multiple 
perspectives to operate on the design information simultaneously. 

2.2.3.6 Early Assessment 

By using tools that anticipate the performance of a design at a future state, a 
preliminary assessment can be performed. Many Design for X tools are of this type. 
A metric is used to predict future performance in such areas as reliability 
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(Stephenson, 1995) or manufacturability (Lucas Engineering & Systems, 1994). The 
feedback loop is much shorter and hence the difficulty of making changes is reduced 
as compared to waiting for feedback from the actual future state (Warnecke and 
Brassier, 1988). This differs from advanced design approaches (Section 2.2.3.2) in 
that with advanced design the downstream steps are actually carried out, albeit 
sometimes in a virtual sense. 

Key to this approach is the development of techniques to reliably predict the 
properties in question. For example, Stephenson used case studies of field reliability 
data to develop a metric that can be applied to mechanical systems early in the 
design stage (Stephenson, 1995). Many current design for production approaches 
are of the early assessment variety in that they develop indices to measure a 
product's suitability for production prior to actual production (Lenau and Alting, 
1996; Miles, 1989; Watson and Radcliffe, 1995). 

All of the convergence enhancement approaches described above can improve 
design convergence time. In practice, multiple or hybrid approaches are used. How 
approaches can be best applied is a function of the nature of the activities being 
addressed, for example early design stages and manufacture. 

2.3 Form Emergence and Design Progression 

Determination of the physical structure of a product first begins as functions are 
established. More detail emerges as components are identified to supply desired 
behaviour in the layout schematic. In particular, component connectivity and hence 
interfaces find their genesis in the functional stage. 

2.3.1 Design States and Links 

As the design develops through decisions or resulting actions made by the designers 
effecting the transformation, each new decision about the design can be thought of 
as advancing the design to a new state. Given the multitude of decisions required 
for even a simple design, the space of possible design states is enormous. 
Compounding this problem is the fact that the space is not stationary, at least from 
the designer's perspective, due to the fact that each decision constrains the possible 
design space for subsequent decisions. A designer's knowledge and available 
design tools are employed to help navigate through this space as shown in 
Figure 2-9. French claims that "one of the distinguishing features of a good designer 
is his ability to converge from a wide base on a good choice" (French, 1994b). 

One approach to help with the navigation problem shown in Figure 2-9 is to develop 
the design in specific regions of the space, i.e. domains, and thus reduce the number 
of potential states needing to be considered at anyone time. Domains can be 
identified as portions of the transformation possessing unique input and output 
types or unique product characteristics. The general progression starts with goals 
which lead to processes for accomplishing these goals. These processes lead, in
turn, to functions, where functions are product requirements at varying levels of 
detail (Gero, 1990). Functions are realised by a physical behaviour, and behaviour, 
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in turn, is realised by some physical or component structure. A breakdown of 
several approaches to domain division is presented in Table 2-2. A review of 
modeling function for design support can be found in Winsor and MacCallum 
(1994). 

o o 

* possible states unknown to designer design path followed 

15 

• state selected by designer design path abandoned 

o state considered but not selected 

Figure 2-9. Progress Through the Design Space 

Table 2-2. Domain Examples 

Domain Area Andreasen Murdoch Suh Kawakami 

_goal purpose consumer goal space 
approach process planning 

knowledge ~ace 
function function function functional function space 
behaviour organ function physical-law 

knowledge space 
structure constructional embodiment physical structure-

detail attribute space 
life cycle life-cycle process 

An essential element of domain theory is the progression from one domain to the 
next. This domain linkage helps guide the developing design. For instance, Suh 
uses axioms to govern the mapping from one domain to an adjacent one (Suh, 1995). 
Links between non-adjacent domains would potentially be an even more powerful 
means of advancing a design which is what Andreasen does with the Chromosome 
Model in Figure 2-10. The designer's objective is to completely define the 
constructional domain. To do so the other domains are filled out to varying degrees. 
The links help tie the design back to original needs so that the constructional domain 
optimally satisfies them (Andreasen, 1992). 
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Figure 2-10. Chromosome Model (Andreasen, 1992) 
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A similar model by Murdoch, the Layered Model, is used to apply domain theory to 
a Product Data Model (Murdoch and Ball, 1994). Links ensure compatibility 
between layers and provide a function-means link, essential for tracking rationale 
for a component's design. In an attempt to enable extraction of general design 
knowledge from a database, Kawakami et al. connect domains with "how" and 
"why" links to support inference rules (Kawakami et al., 1996). 

An example of a causal link that bypasses a domain is that of standard component 
selection as illustrated by Gero in Figure 2-11 (Gero, 1990). The usual synthesis and 
analysis path traverses from function, through behaviour, to structure. A designer, 
however in synthesising part of a design by looking up a component from a 
catalogue, goes directly from function to structure. 

F - - -~ s ---... ~ 0 

j j 
Be .... .. Bs 

-~ 
- ..... 

F 
o 
S 
Bs 
Be 

transformation 
comparison 
occasional transformation (catalogue lookup) 
function 
design description 
structure 
behavior of the structure 
expected behavior 

Figure 2-11. Catalogue Look-Up (Gero, 1990) 

2.3.2 Design Progression 

The previous view of states and associated domains focused on product states. It is 
the human designer, however, that advances the design from one state to the next. 
The mechanisms involved in getting from one state to the next are those that need 
support, if indeed a designer is to receive help in reaching a satisfactory goal in a 
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timely manner. Modelling the progression process provides a means for 
understanding this process and developing an approach to support it. Indeed, 
anticipating characteristics of a future step requires a model, although most models 
focus on the product states as opposed to the designer's activities. Developing a 
design progression model requires identifying the steps taken, what drives them 
forward, and what retards them. A number of perspectives are possible, but three 
areas relevant to this work are information processing, problem evolution, and 
decision chains. 

Dym (1994) identifies four information processes for proposing design commitments 
necessary to advance the progress of a design: 

- decomposition 
- design planning 
- design modification 
- constraint processing. 

Likewise, he proposes four types of information processes that provide auxiliary, or 
supporting, information: 

- generating goals and constraints for sub-problems 
- recomposition 
- design verification 
- design criticism. 

For this research it is important to note that the four primary processes which 
advance the progress of a design can be directly supported by heuristic rules about 
the design process. Heuristic rules can also be used to support the auxiliary 
information processes. Designers use such information activities to support the 
more general activity of design generation which can be represented by Popper's 
evolutionary model. 

Rzevski (1981) expands on Popper's evolutionary model of the growth of scientific 
knowledge to apply it to the evolution of an engineering design: 

PI -7 TS -7 EE -7 P2 

where 
PI is the current problem 
TS is the tentative solution to problem PI 
EE is the process of error elimination from the proposed solution 
P2 is a solution to problem PI which usually represents a new problem which, in 

general, was not predictable beforehand. 

Popper's cycle of conjectures (TS) and refutations (EE) is challenged in practice by 
Powell, who claims that actual experience is more accurately described by 
conjectures and confirmations. In other words, a designer seeks to confirm a concept 
and will only reluctantly abandon it (Powell, 1987). 

I 
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When applied to engineering design, Rzevski notes it shows that design involves 
processes which are: investigative, creative, logic-based, and value-based. These 
same themes are presented in a decision framework by Eekels, who writes of 
engineering design as a value driven process (Eekels, 1993). In this view, 
engineering design is a decision chain involving a creative process to generate 
choices and a deciding process to choose a course of action. If decisions cannot be 
reached, then a design will fail to progress. To make decisions, the designer as 
decision maker requires four types of process information: 

(a) hard, or factual information on available choices 
(b) intuitive, but factual, information estimations (uncertainty) 
(c) normative information against which the factual information is measured or 

compared 
(d) In complex situations, methodical information to manipulate the process 

information. 

Delivering these types of information is a major consideration for any design 
support system. In a decision, information types (a) and (b) are compared to (c). 
Information in (c) is derived from the design environment. According to Eekels 
(1993), the responsible designer, in making the comparative assessment of choices, 
must consider: 

Is the objective or goal morally good? 
Is the effect likely to meet the objective? 
Are the side effects well considered and reasonable? 

The first requires an understanding and ranking of the normative values. The 
second requires professional knowledge and capability. The third requires both. 
The challenge is accounting for these considerations in design support tools. 

Design tools attempting to support convergence in the early phases necessarily 
attempt to exploit aspects of a design as they emerge. For example, at the goal or 
abstract function stage, functional deployment techniques help guide the evolving 
design requirements. Functionally-based CAD tools have been developed to help 
the designer deal directly with product function and then use this as a basis for the 
design. A survey of these tools is given in Nowack (1995). Function and behaviour 
based catalogue component lookup provide a means of rapidly advancing a design 
as mentioned earlier. Features of these early stages of the design are also available 
to trigger design information systems, examples of which are given in Chapter 3. 
Examples are connections and relationships between design elements (Andersson 
and Hugnell, 1991; Nowack and Edwards, 1996b; Ullman, 1992). How 
manufacturability support tools can tie into early design and manufacture is 
determined by the nature of the design-manufacture interface. 
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2.4 Manufacturing Process Interface 

The portion of the product realisation process beginning with the product 
description resulting from the design phase and ending with a physical item ready 
for delivery to a user is the manufacturing process. When management and 
corporate support functions are eliminated, it can be called the production process2. 

The production process, like the design process, is a transformation. Unlike the 
design transformation, the operands are information, energy, and material. 

2.4.1 Design-Production Interface 

The production transformation has a considerable design element, namely the 
design of the production system to carry out a transformation. Like the design of 
any product, the design of a production system can be thought of in terms of the 
information state the designers deal with. Table 2-3 provides a summary of this 
view of design progression and shows the general correspondence between domains 
and design phases. The nature of this progression is much like the product design 
progression except that the component structure is dominated by available 
capability, that is existing equipment, to minimise the need for custom production 
equipment. This is analogous to design with standard and adapted components3. 

Table 2-3. Production System Design 

Design Phase States Production Aspects Example 

task clarification goal 2!oduction targets batch size,2roduct mix 
concept development process system type flexible machining centre 
concept development function detailed tasks provide hole 
embodiment (layout) behaviour plans, machine capability drill, ream, hone 
embodiment, component tools, jigs, assembly line placement of selected tools in 
detail structure automated milling machines, 

instructions loaded in computers 

The relationship between product and production process is illustrated in 
Figure 2-12. The completed product design is an input into the production system 
design at the goal stage (path A). However, the designer practically deals with path 
B, the primary interface relating constraints between the product's component 
structure (the completed design) and the production systems' behaviour (production 
capabilities) as shown (Nowack and Edwards, 1996a). For example in the 
development of the CamCane (Section 2.6), the outer tube inner diameter tolerance 
was proposed as ±a.os mm. This then became a proposed requirement for 
production capability (behaviour). The available and affordable production 
capabilities were checked for this capability which resulted in the chosen tube 
drawing technique. 

2 There is disagreement over the use of production and manufacture largely due to a change in usage 
over the past 10 years resulting in part from the use of "design for manufacture" to refer to 
production issues. For this research, production refers to activities directly associated with the 
(usually) material transformation of the design into a finished product. 
3 see for example Harmer (1996) for design with standard and adapted components. 
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Figure 2-12. Design and Production Domain Interface 
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The implication of the primary constraint interface is that consideration of 
producibility in late conceptual! early embodiment phases has a long feedback loop. 
For example, determining an impact with an advanced design approach may require 
projecting the implications of a behaviour decision on the component structure, then 
determining the impact on production behaviour, and finally assessing whether the 
tooling capability exists as traced by the path shown by the solid lines in Figure 2-13. 
Design convergence approaches can be employed to cope with this gap either by 
addressing this path directly, or alternatively by exploiting possible secondary 
relationships between design and production, such as a link between product 
function and production detail as shown by the dashed line in Figure 2-13. 
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Figure 2-13. Conceptual Design to Production Capability Path 
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The apparent key to successfully developing producible products in early design 
stages is the identification of the various design strands and impacting them as they 
emerge. This may be accomplished by attempting to impact the early emergence of 
form - the initial synthesis steps taken in conceptual and embodiment phases. 
Indeed, Jaques (1995) states: 

In order to achieve the objectives of concurrent engineering the manufacturing 
constraints must be brought to the attention of the designer at the conceptual 
stage of the design process ... in order to integrate the design and manufacturing 
tasks the effects of a design choice on manufacturing process should manifest 
itself as the design evolves. 

The challenge becomes finding and exploiting these strands from the moment they 
begin to emerge - the form emergence problem. 

2.4.2 Function-Production Links 

Jakobsen views design development as beginning with functions represented by 
specifications (Jakobsen, 1988). In his view "requirement specifications are 
structured so that the functional requirements, evaluation criteria, and boundary 
conditions are clearly separated." The functional requirements are the abstract 
functional descriptions such as those found in systematic function structures (Pahl 
and Beitz, 1995). 

Function serves as the starting point, but the shape, material, and production 
method are developed next in whatever order suits the problem at hand as shown in 
Figure 2-14 (Jakobsen, 1989). He points out that all three aspects are tightly 
intertwined and must be developed together. These initial approaches get the 
design process started and must be followed by further iteration beginning with 
function again. Thus, a design proceeds through a series of levels, each more 
detailed than the previous. As a concept is completed at one level, a new set of 
functions or functional requirements is developed for the next, lower level. Hence, 
each level is a new sub-problem. 

The existence of the direct function-production (detail) link has been disputed 
(Ashby, 1992; Chen, 1995). Both Chen and Ashby (Figure 2-15) use a more product
oriented design process description than does Jakobsen who is describing a "fruitful 
attitude rather than a procedure in the strict formal sense". While indeed in general 
the tie to production must go through aspects of form such as material and 
geometry, some links seem to exist between production and early form emergence in 
a few select cases. For example, Janson and Lundborg demonstrate a function
production link existence in the relationship between a modular product structure 
and modular assembly operations for Husqvarna sewing machines (Janson and 
Lundborg, 1991). 

Another example of an early link to production can be found in component look-up 
based on function. A component selection originating with desired function or 
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behaviour provides an immediate and direct link to the component structure with 
accompanying production details. 

The nature .of design-production links will be influenced by the order of appearance 
of the form issues as the product hierarchically evolves. For example J akobsen 
points out that material selection is typically a single component issue. Function and 
some aspects of production, such as assembly, are typically product level issues 
dealt with prior to component detailing. It would seem therefore that in general 
assemblies and assembly interfaces would drive production considerations of 
assembly before material is normally considered, at least in any detail, for those 
products that have more than one component. 
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Figure 2-14. Function-Material-Shape-Production Method Gakobsen, 1989) 
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Figure 2-15. Relationship Between Function, Material, Shape and Production 
Process (Ashby, 1993) 

2.4.3 Process Structuring 

Jakobsen and Chen have both identified the critical role that the design process plays 
in the nature of the design-production interface. While various approaches are used 
in design support tools, they all help structure the form evolution processes either 
explicitly or implicitly. They necessarily embody some ideas about how designs 
progress. 

Rinderle considers design process order as being a function of the pro~ uct domain 
and believes that the difficulty and efficacy of a design task are determined by the 
nature of the relationships between form, function, and production in conceptual 
design (Rinderle, 1986; Rinderle, 1987). He notes that designers routinely reason 
about a design prior to detail design. These evaluations are either goal directed 
"How can it be made smaller?" or judicial "Will it be light enough?" These 
evaluations support the transformation from function to form to process. The nature 
of the transformation leads Rinderle (1986) to three design automation strategies: 

- Explicitly consider all interactions among function, form, and fabrication 
(structural design) 

- Consider only those designs in which the product has been structured so as to 
eliminate or minimise the interactions among function, form, and fabrication 
(VLSI) 

- Structure the design process rather than the product to eliminate interaction, 
that is make design decisions independent of each other (heat exchanger 
design). 

This current research aims to address the first type of problem which is typical of 
original, or innovative, design tasks where the process is not well understood. The 
design process can then be explicitly structured by the application of general 
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principles. Otherwise there is implicit structuring as the result of form decisions 
made. Alternatively, in the case of a well understood product development path, 
the design process can be structured a priori to avoid undesirable interactions. 
Eppinger et al. provide a tool to use for structuring the design process by examining 
how various tasks depend on each other (Eppinger et al., 1989). Similarly, 
Kannapan and Taylor vary the use of serial and parallel processes in a concurrent 
engineering framework to better resolve conflicts (Kannapan and Taylor, 1994). 

2.5 Manufacturability Solutions for Early Design 

Once a design has been embodied, manufacturability support systems provide 
manufacturing-based information to a designer to compare designs, verify 
feasibility, and provide specific redesign suggestions (Hayes et al., 1989). Earlier in 
the design process however, use must be made of approaches guiding the designer 
to develop a design that is inherently producible or, depending on the 
circumstances, that will minimise production cost, maximise production flexibility, 
or satisfy other goals such as making use of specific manufacturing facilities. Which 
approach is used depends on the circumstances, but a number deal with 
manufacturing issues in the early stages of design, that is, up through early 
embodiment, sometimes referred to as the product schematic state (see Kusiak et al. 
(1991) and Ulrich and Seering (1990». 

The early design approaches are inherently about matching. That is matching the 
product and the production process to each other. They vary in how the matching 
is brought about and when it occurs. Some techniques adjust the design to match 
the manufacturing environment and others focus on adjusting the manufacturing 
processes to match the product design. Of course, iteration can be used to bring 
about a change in either using any of the methods. Andreasen shows design and 
production characteristic matches in Figure 2-16. These represent the four levels of 
Design for Manufacture: 1- company, 2 - product assortment, 3 - product structure, 
and 4 - component (Andreasen, 1991). 
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Figure 2-16. Fitting the Product and the Production System (Andreasen, 1991) 
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Since a design progresses via decisions and the designer's resulting actions, 
providing the designer with goal and normative information, and the consequences 
of decisions, is a means of influencing a design to achieve suitable matching. Chen 
shows how such manufacturing information plays a role in the matching process in 
Figure 2-17. 

Design Process Production Process 

Figure 2-17. Relationship Between Design and Production (Chen, 1995) 

The following types of manufacturability support approaches, with potential utility 
in early design, are discussed in this section: 

Team design 
Costing 
Component selection 
Process selection 
Process planning 
Virtual manufacturing 
Design for Assembly 
Design for Manufacture 
Design for Quality. 

2.5.1 Team Design 

The idea behind team design is to keep the design engineer and manufacturing 
engineer in close contact throughout the design stages. The manufacturing engineer 
is thus able to critique the design and offer suggestions as the design develops. 
Teams are perhaps the most versatile approach to manufacturability support. 
Potential difficulties include a lack of available manufacturing engineers and over
reliance on personal knowledge and recall (Cutkosky and Tenenbaum, 1990). In one 
sense, the other manufacturability tools are an attempt to replace the manufacturing 
engineer support function by capturing the expert knowledge and making it 
available to the design engineer. Chen studied this information flow between a 
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design engineer a manufacturing engineer and arrived at the model shown in 
Figure 2-18. This serves as the basis for a manufacturing information support 
system concept (Chen, 1995) . 

Manufacturing 
Engineer 

Direct 
Manufacturing 

Information 

Indirect 
Manufacturing 

Information 

Figure 2-18. Manufacturing Information Flow (after Chen, 1995) 
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Cost is the most common criterion used to select between different designs and 
manufacturing techniques. For certain product domains, top-down cost estimating 
techniques exist that rely on lumped parameters, such as product weight or power 
output, to arrive at a system cost (Harmer and Wallace, 1995). French has shown 
that for certain mature products in open markets, parameter costing techniques can 
be used to provide a component cost based on functional and behavioural 
parameters (French et al., 1993). Such techniques lend themselves to the early design 
stages but provide little visibility into the effects of individual component and 
manufacture choices. 

More detailed costs require detailed selection of assembly and production 
techniques. However, some of the cost parameters can be generalised and used as a 
basis for design metrics as discussed in Sections 2.5.6 and 2.5.7. 

2.5.3 Component Selection 

A great deal of effort has been directed toward developing techniques for selecting 
components, either in specific form from a manufacturer's catalogue or more 
generally as generic components (Sturges et al., 1993; Vogwell and Culley, 1991). 
The general trend is that increasing design detail allows for more specific component 
selection which in-turn means more component details will be known. The benefit 
is that selecting from design catalogues provides a means of skipping several 
development or synthesis steps (Gero, 1990; Roth, 1987) (see Figure 2-11). 
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In component selection, the manufacturing tie to early design arises from the explicit 
and implicit assembly and production impact that can be associated with each 
component. For example, component weight estimates impact assembly. At a more 
generic level, coil springs for example, have potential assembly problems with 
feeding and handling. 

2.5.4 Process Selection and Planning 

Process selection is fitting a manufacturing process to a selected design. There are 
two distinct areas: assembly techniques and component production processes. 

Referring to Figure 2-17, initial assembly system selection can occur as soon as 
assembly layouts are developed when parameters such as rough part positions and 
sizes are determined. For example, the Modular Function Deployment technique 
matches product modules to factory layout (Erixon and Ostgren, 1993). Likewise, 
component level production process selection can take place as component features 
emerge. To support this product-process matching, Esawi (1994) identifies the key 
parameter classes involved in Figure 2-19 and uses them in the Cambridge Materials 
Selector process selection database (Esawi and Ashby, 1996). A potentially powerful 
aspect of this approach is the ease of refining selection choices as a design evolves. 
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Figure 2-19. Matching of the Process Attributes to the Design Attributes 
(Esawi,1994) 

The Designers Manufacturing Inspiritor at TU Denmark accounts for function-to
form synthesis activities in process and material selection by exploiting two distinct 
levels of production information as the design progresses (Lenau and Alting, 1996): 

know about - general comparative information for material and process selection 

can apply - detailed information for mutually adapting product and production 
equipment. 
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The Designers Manufacturing Inspiritor focuses on the first level of information as 
being key to early design stages. Actual product examples form the core of the 
system. They claim the benefit of this approach is that it allows for accessing 
information by product area and application. Also, this approach provides not only 
explicit or codified knowledge usually captured in handbooks or databases, but also 
"tacit knowledge" (see Section 3.1). Three information models are used: product, 
material, and manufacturing process. The system might be considered as a multi
media case-based retrieval system. 

Developing manufacturing plans for a product, commonly known as process 
planning, can occur on five levels: operational, process chains, processes, activities, 
and instructions (Chen, 1997). Preliminary process planning at the operational and 
process chain level can start as soon as the initial configuration is established in 
conceptual design, but usually occurs later. It is common with most process plan
based approaches to manufacturability, to develop a plan and feed results back to 
alter the design if necessary. This can be a lengthy cycle. The value of an automated 
system such as FANTASY (Hsu et al., 1993) is rapid determination of plan feasibility 
to shorten the feedback cycle time. 

2.5.5 Virtual Manufacturing 

Design by virtual manufacturing is a means of restricting the design space to those 
states known to be producible. For example, with this approach a designer would 
create a hole by selecting a material and virtually drilling it. Developing a design in 
this way makes for easier generation of process plans and for easier application of 
design critiques. Current systems can be applied in embodiment and, through use 
of constraints, can directly account for some functional requirements (Jaques et al., 
1995). Cutkosky and Tenenbaum note there are unanswered questions about the 
impact of this approach on the creative process (Cutkosky and Tenenbaum, 1990). 

2.5.6 Design for Assembly 

Design for Assembly (DFA) is a structured approach to rationalise a product for 
assembly operations. A key element of DF A systems is the development of scoring 
metrics that provide a measure of ease of assembly and which identify potential 
areas for improvement. While they are ideally suited to improving an existing 
product, the scoring systems can be applied to a proposed design as early as the 
component layout stage where they can help compare competing proposals and can 
highlight areas of a design on which to focus extra design effort (Ulrich and 
Eppinger,1995). Several commercial systems are in widespread use in industry 
(Arimoto et al., 1993; Boothroyd, 1994; Lucas Engineering & Systems, 1994). 

While the metrics themselves are assessment tools, principles and guidelines are 
readily associated with them. It has been observed that designers using the DF A 
tools begin to develop designs that score better in the metrics, suggesting that the 
concepts associated with the principles have become a part of the designer's 
repertoire (Stoll, 1986). 
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Barkan and Hinckley note a downside to the direct use of the guiding principles. 
Over adherence to one principle, such as "reduce the number of separate 
components" can lead to an overall inferior assembly (Barkan and Hinckley, 1993). 
The structured DFA systems can help avoid such problems by forcing designers to 
look at the side effects of applying DFA principles and helping them to make good 
decisions about trade-offs, primarily between assembly and component manufacture 
(Miles, 1989). 

2.5.7 Design for Manufacture 

Like DFA, Design for Manufacture (DFM) is based on providing a scoring system to 
evaluate the producibility of a part and to provide guidance on how the part can be 
changed to be more easily produced. In a general sense, this matching is the reverse 
of process selection in that a process or process class is chosen and the design is 
matched to it. There also tends to be more process specific adjustments required for 
DFM metrics than are required for DFA metrics. 

Much of the early DFA/DFM development work was in support of large-volume 
production where small per-part cost gains can be multiplied many times over to 
recoup capital investments. As the techniques matured, more low-volume 
applications benefited and more DFM considerations have been increasingly 
incorporated into initial product designs as opposed to redesigns. 

2.5.8 Design for Quality 

Product quality, or the ability of a product to satisfy its overall functional 
requirements, is influenced both by the design and manufacture as "practically all of 
a product's cost and quality are committed during the design and planning stages" 
(Swift and AlIen, 1992) but are realised through product manufacture. The quality 
largely determines the sales price, sales volume, and hence economic viability 
(Ulrich and Eppinger, 1995). 

A variety of tools are used to guide design and production to improve quality. 
Depending on whether the feedback loop is near real-time or delayed, the 
techniques can be categorised as on-line or off-line (Swift and AlIen, 1992). Swift 
and Allen divide aspects of quality according to whether they are associated with 
satisfying customer expectations, Q, or associated with component and assembly 
variability, q, as shown in Figure 2-20. One significant point highlighted in the 
figure is that aspects of customer quality can be traced back to the early planning 
phases and design and production aspects can be traced back to the beginnings of 
conceptual development. 
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Figure 2-20. Model of Q and q in Integrated Product Development 
(Swift & Allen, 1992) 

30 

M0rup further divides Q into positioning properties and obligatory properties, 
where the former are those properties that position the product in the marketplace 
(M0rup, 1991). He points out that quality is synthesised into the product "as 
concrete properties of the product". Consequently, there are no means to directly 
control quality, but rather it is built in by one of the following three types of tool: 

objective oriented tools 
synthesis to,ols 
verification tools. 

He points out that most existing tools are of the verification type but that objective 
oriented tools and synthesis tools are needed to build quality into a product. Of the 
tools shown in Figure 2-21, synthesis tools are the least developed. He is also of the 
opinion that quality can only happen in an integrated product development 
environment because of the required impacts from marketing and production. 

Setting 
objectives 

Synthesis 

Verification 

Figure 2-21. Quality Tools (M0rup, 1991) 
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2.6 Case Studies 

Two case studies were undertaken by Nowack as part of an effott to improve 
understanding of the function-form-production relationships, how they impact 
manufacturing, how manufacturability considerations could be improved, and 
sources of information (Nowack, 1995). The subject company, DesignAware Ltd, 
was a small London start-up company. At the beginning of the study, their only 
product was a camera monopod, the CamCane4 . 

The CamCane is a two-part telescoping camera support which is operated by 
squeezing two buttons near the top which can be seen on the left in Figure 2-22. The 
ball on top mates with a rubber cup on the camera to provide a firm attachment 
between the two. The first case study was a historical look at the development of the 
CamCane. The second was observation of two ACDMM5 students on a six week 
assignment to DesignAware to develop a CamCane accessory . 

• ! .. . ~-.... ------

Figure 2-22. The CamCane 

DesignAware employed three people: an Engineer/Owner (01), a silent partner 
(02), and a manager/logistician (Ll). Additionally, they shared office space with a 
professional photographer (PI) who actively assisted DesignAware. Much of the 
CamCane design work was the result of ACDMM student projects. 

2.6.1 Base Model ' 

The first study was primarily a retrospective examination of the CamCane 
development. Data was collected from oral interviews with 01 and Ll, and from 
01's design notebook. Of interest in the context of this research was the order of 
events determining the form and their inter-relationships. The general CamCane 
configuration was determined in the first two months. Work then advanced by 
focusing on sub assemblies and components such as the lock system, the tubes, and 
the ball and cup. 

) 

Development occurred within the context of three overriding constraints: (1) the 
final retail price was to be less than £40; (2) operation was to be simple which 
translated into one-handed cane extension leaving the other hand free to 
simultaneously attach a camera; and (3) good aesthetics, especially shelf appeal, was 
considered essential for the target market. 

Prototyping was used extensively to provide a vehicle to solicit market feedback and 
to test ideas about functionality, especially ease of use. Two months into the project 

4 CamCane is a trademark of DesignAware Ltd formerly trading as CamCane Ltd. 
5 Advanced Course in Design, Manufacture, and Management 
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4 CamCane is a trademark of DesignAware Ltd formerly trading as CamCane Ltd. 
5 Advanced Course in Design, Manufacture, and Management 
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a wood, clay, and plastic model was developed. Three months later a working 
prototype was machined from aluminium. While aluminium was too expensive for 
production, the prototype helped resolve a key range of motion issue with the lock 
release buttons. Each successive prototype was closer to the production version. 
The prototypes and other engineering models used are shown in Table 2-4, along 
with the main purpose each met and the main constraint areas involved. 

Table 2-4. CamCane Models 

Main Related Constraints 
Model Role Cost Operation Aesthetics 

1 market need analysis guide product development ,/ ,/ ,/ 

2 wood & clay market exploration ,/ 

3 aluminium concept exploration ,/ ,/ 

4 balls establish ball size ,/ ,/ 

5 cup options development, cust. feedback ,/ ,/ 

6 buttons evaluate force and travel ,/ ,/ 

7 locks with tube develop and test locks ,/ 

8 tolerance analysis select lock details ,/ 

9 pre-production check production approach ,/ 

10 lock modifications overcome jam potential ,/ 

11 initial batch version check production and ,/ 

distribution approach 
12 production version 1 gain market share ,/ ,/ ,/ 

13 production version 2 accommodate attachments, ,/ 

rationalise production 

The prototypes are plotted against the degree of abstraction and degree of 
completeness, used by Andreasen for relating models in a domain, in Figure 2-23 
where the numbers refer to those in Table 2-4 (Andreasen, 1992; Ulrich and 
Eppinger, 1995). The understanding contributed by each prototype gives an 
additional view of the developmental approach used by DesignA ware. ID 
particular, the reliance on physical prototypes is seen by the heavily populated 
upper quadrants. Use of analysis tools would have shown up in the lower 
quadrants, primarily the lower left. By not relying heavily on design and analysis 
tools, other forms of information, such as verbal contact with experts, become more 
important. 

01 tended to consult experts when he could not see a way forward, or expected or 
experienced a problem. For example, problems with plastic selection and quality 
were directed to experts. 01 commented that, generally, most of the useful 
information came in the first 10 minutes of a consultation. It appears that 01 found 
high-level information and awareness of relevant issues most useful. 
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comprehensive 

In addition to the three main constraints, general corporate guidance or preferences 
were in evidence: 

- All development was checked with a search for simpler solutions. This led to 
a policy of minimising part count and production steps. 

- Cost consideration drove a need to use standard components and sections 
wherever possible. These eventually included the top ball, the tubes and the 
bearings. Similarly, standardisation was evident in the effort expended to find 
a single adhesive to do all bonding. 

A year after initial launch, production and marketing responsibility had been turned 
over to an established camera accessory firm which possessed an in-house assembly 
capability. This was driven primarily by the effort and expense involved in 
marketing a novel product. 01 noted how difficult coordinating suppliers and 
assembly was. Also, he noted the need to better integrate sales and marketing into 
design decisions as a complement to incorporating manufacturability issues. 

2.6.1.1 Lock Development 

These guidance trends were seen in the development of one of the key innovations 
in the CamCane, the locking mechanism. Four major lock development phases were 
evident as shown in Table 2-5 which relates the lock development to constraints and 
preference. 
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Table 2-5. Lock Concepts 
Constraints Preference 

Lock Conce t Cost Function A esthetic Simple 

elastomeric + + 
balls (single row) + 

balls (two rows) - Mkl lower tolerance, nois + - -
MkII uiet and lower tolerance, ? + + 

+pro - con 

Functional considerations dominated the development. The aesthetic problem with 
the MkI lock was relatively minor compared with problems on other options, 
nevertheless once functional issues were satisfied, MkII lock development was 
begun to achieve noise reduction, to improve aesthetic appeal, and to relax 
tolerances in order to use stock tubing to keep costs down. 

The lock assembly development sequence is generalised in Figure 2-24 (a). 
Generalised relationships for the CamCane in (b) revealed how costs were typically 
addressed in terms of form, assembly, and component processing. Preliminary costs 
related to general form considerations and detailed costs tied to details of 
production processes and plans. 
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Figure 2-24. CamCane Development Processes 

2.6.1.2 Production Rationalisation 

Matching the design and manufacture to each other was observed at both familiarity 
and component levels. At the familiarity level, suppliers were chosen based on 
necessity, price, and team fit. Only in the case of the plastic supplier did price 
dominate and this supplier required the most management attention. 

At the component level, typically, general manufacturing considerations were made 
with in-house expertise and supplemented by discussions with suppliers. For 
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Table 2-5. Lock Concepts 

Constraints Preference 

Lock Concept Issues (pros, cons) Cost Function Aesthetic Simple 

elastomeric simple, wet performance + - + 
balls (single row) solid, tight tolerance and - + 

surface loads 
balls (two rows) - MkI lower tolerance, noisy + - -
MkII quiet and lower tolerance, ? + + 

+pro - con 

Functional considerations dominated the development. The aesthetic problem with 
the MkI lock was relatively minor compared with problems on other options, 
nevertheless once functional issues were satisfied, Mklllock development was 
begun to achieve noise reduction, to improve aesthetic appeal, and to relax 
tolerances in order to use stock tubing to keep costs down. 

The lock assembly development sequence is generalised in Figure 2-24 (a). 
Generalised relationships for the CamCane in (b) revealed how costs were typically 
addressed in terms of form, assembly, and component processing. Preliminary costs 
related to general form considerations and detailed costs tied to details of 
production processes and plans. 

simplicity .. 
button force and 
range of motion 

i 
elastomer lock 

-+ 
mechanical lock .. 

cost 

,,~'""~ \ 
vertlcles t 

ball and cone - inward fiber inner 

AI out!r tube ~ 
interface 

/ 
cup 

(a) LOCK DEVELOPMENT 

assembly ?" cost"' 
procedures general form 

~mblies~. ~ 
~ , ~ function 

detail / ~ 
form ~ 
~ '- - material 

standard " "" 1 
components process __ cost 

(b) GENERAL DEVELOPMENT 

Figure 2-24. CamCane Development Processes 

2.6.1.2 Production Rationalisation 

Matching the design and manufacture to each other was observed at both familiarity 
and component levels. At the familiarity level, suppliers were chosen based on 
necessity, price, and team fit. Only in the case of the plastic supplier did price 
dominate and this supplier required the most management attention. 

At the component level, typically, general manufacturing considerations were made 
with in-house expertise and supplemented by discussions with suppliers. For 
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example, some external manufacturability input in the form of detail changes was 
provided by the mould maker who designed moulds with 01 present. 

The development of the joining approach reveals the evolving rationalisation, or 
matching relationship refinement, at the component leveL The major decisions are 
outlined in Figure 2-25. Adhesive was used to minimise part count and thus control 
costs, especially procurement and assembly costs. This is an example of matching 
the design to general production needs. 

Special features were added to minimise the effects of adhesive overflow. This 
allowed for a reasonable tolerance on the amount of applied adhesive. This is an 
example of matching the design to production constraints. 

With the MkII, an effort was made to eliminate adhesives to avoid the chemical 
hazard and problems with adhesive spillage. This is an example of changing both 
design and product to avoid production and design problems. 

Performance of the lock mechanism dictated tight tolerances. Self adjusting 
assembly procedures were used to cope with the tight lock tolerance. This was an 
example of adjusting production procedures to match the design. 
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2.6.2 Attachment 

In the second case study, two ACDMM students (El and E2) were observed during a 
six-week assignment to DesignA ware to develop CamCane accessories. The main 
effort was the development of a carrying strap to attach to the CamCane. Three 
weeks were spent at DesignAware and three weeks at the Cambridge University 
Engineering Department. The researcher (E3) was a participant-observer. 

Data was collected in three formats. Every day had an end-of-day debrief on the 
day's activities, information needs, and attitudes. Daily activity logs were kept by 
E3, and by El and E2 in E3' s absence. Notebooks were kept by all participants. 
Additionally, periodic activity summaries, research notes, final briefings, and a final 
report were prepared. 

Data collection was aimed at highlighting: 
- sequence of events 
- influences on conceptual design 
- information requests 
- relative effort spent on various tasks. 

A sample data log and time summary are in Appendix A, along with a diagram of 
the development of the design. 

2.6.2.1 Design Development 

An attempt was made to understand better the specification and constraint 
evolution process and the difficulty experienced in reaching a satisfactory design. 
The design task proved so difficult that four of the six weeks were spent primarily in 
conceptual design. Major Generate-Evaluate-Select cycles for the project were 
plotted (Appendix A). This revealed the probing nature of the design as various 
ideas were dealt with as the engineers learned about the design space. Figure 2-26 
shows two early ideas for the clips (a and b) that were quite close to the final design. 
At the time they did not lead to the final design partly because design environment 
limitations were not fully understood. In the case of (a), concepts pushed by E2, it 
was felt that the design lacked attachment security and failed in ease of use by 
having to go over the end of the cane. In the case of (b), the focus was on developing 
a catch mechanism. It was not until the designs of Figure 2-26 (c) were developed 
that 01 realised that going over the end would be acceptable (a change from the 
original specification) and El, E2, and E3 understood style issues involved in the 
CamCane. This design convergence is easily represented by these form details, but 
form could not progress until a second type of information, design space knowledge, 
was sufficiently developed. The latter consisted of goals and constraints such as 
aesthetics, production limits, and design capability limits. 

The progress of the design down various paths in spurts accompanied by emotional 
swings raised questions about design fixation and negative thinking possibly 
resulting from focusing on constraints. There was definite anxiety over dealing with 
unknown areas of the design space and a reluctance to probe new and potentially 
risky areas. Prompting by 01, for example, was often necessary to get design 
progress going. 
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Figure 2-26. Clip Ideas 

Figure 2-26 also highlights the importance of prototyping6, or more generally, 
engineering analysis of function and behaviour in the early design stages. Many 
design ideas were not followed up owing to an inability to adequately analyse 
expected performance or behaviour. An FEM package might have been of some 
help determining the response of complex multi-functional plastic components and 
assemblies. Prototyping and intuition were relied on most often. Designs (c) were 
easily prototyped from plastic pipe and a number of variations were tried as a result. 
Design (b) and related variants were prototypes formed from 9 mm sheet 
polyethylene. The eventual final two designs were prototyped using pipe, glue, and 
heat forming. 

2.6.2.2 Manufacturing Considerations 

Manufacturing considerations were of two types, domain choices and form details. 
Since 01 specified a preference for injection moulded plastic, this was the primary 
fabrication domain, although other options were considered at various times. 
Within a domain, details on how to actually design an artefact to be manufacturable 
surfaced initially as a rough concept was being evaluated for acceptable 
performance. For example: could a proposed plastic strap that is mouldable provide 
enough rigidity? A great deal of time was spent on this transformation due to 
difficulties encountered analysing expected behaviour - something done primarily 
by prototyping. 

6 This shows the value of rapid proof of concept prototyping to verify proper behaviour as opposed 
to component level rapid prototyping to verify form details (Horton and Radcliffe, 1995). 
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The second point where manufacturing was considered was when a concept was 
further detailed. As various concepts were developed, manufacturability was 
evaluated which in turn improved the knowledge available for future assessments. 
This learning process was important since the validity of this knowledge in only 
allowing manufacturable designs to proceed was a function of an engineer's 
knowledge of the manufacturing processes, and only 01 had any injection moulding 
experience. In the CamCane case, this screening filter improved as the participants 
explored and learned about the form-fabrication relations which defined the design 
envelope. 

The engineers relied on 01's knowledge about the design space, especially injection 
moulding. 01 was observed to relate this in three ways: 

- provide an example of a similar problem or solution 
- provide a rule-of-thumb, or guideline 
- point the engineers to an expert or resource. 

Additional input came from El and E2's academic supervisor (SI). SI was 
experienced in both design and manufacture but predominantly provided input 
about the design process. For example, SI suggested an approach to reviewing 
requirements when design progress was stalled. 

2.7 Chapter Summary 

Design was shown to be an iterative process that can be represented as a transformation of 
information. 

It is the designer, as an agent in the transformation process, who makes decisions 
and takes actions to develop the design. This can be thought of as a navigation 
through a state-space. Design aids help the designer address the proper states at 
each phase in the design process. 

The transformational view can be used to represent the interface between design 
and manufacture. A manufacturable design is one with a good match between the 
design's component structure, or detailed design, and the manufacturing system's 
behaviour or capability. 

Existing manufacturability support solutions exploit design information flow either 
explicitly or through design iteration to effect a good match between the design and the 
manufacturing capability. 

Achieving a good match between design and manufacture can be accomplished 
without considering the flow of design information by simply relying on design 
iteration to adjust the design and manufacturing plans. However by explicitly 
considering the flow of information, the time required for developing a 
manufacturable design can be reduced either by decreasing the time required for 
each design iteration or by eliminating some of the iterations (Section 2.5). 
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Case studies at DesignAware Ltd. revealed an approach based on design support with 
guidelines as a means to provide early manufacturability support. 
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Satisfying the contradictory demands on a design is difficult. This is aggravated by 
demands which come from different domains: functionality, cost, manufacture, and 
style. Focusing on the limitations imposed by such demands may hinder fully 
exploring a design space. However, knowledge about limits of the design space is 
essential, although often high-level information is sufficient to support initial design 
development. 

There is a need for an objective, or goal oriented, tool supporting synthesis that can 
account for the diverse elements of function, form, design process, and life-cycle 
issues such as manufacture, use, and marketing. It must also help designers explore 
and learn about the design space. 

Success of early manufacturability consideration is influenced by a designer's 
knowledge about the form-production relation. In a design environment where 
knowledge is not embedded in methods and tools, personal knowledge of the 
design space is essential. It was concluded from the CamCane study, that one 
means of acquiring this knowledge is through the use of examples and guidelines. 
This provides a means of linking design and manufacture together at the early 
stages of design in a manner consistent with the needs for general, or "know-about", 
knowledge used in these stages. As shown in Figure 2-27, guidance is useful to help 
the design progress and accounts for other important impacts such as general and 
specific manufacturing capability and design goals. In the case of an expert-novice 
relationship, such as in the CamCane study, the expert uses these considerations to 
select appropriate guidance. 

Product Design 

task clarification 
(goal) 

~ 
concept development 
(process, function) 

~ 
embodiment 
(behaviour) 

~ 
embodiment, detail 

(component 
structure) 

11 
Guidelines 

and 
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5 L Design Process 

~... Past Projects 

~~ 
:Jj ~ General Practice 

deployable 
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Figure 2-27. Guidance as a Link 
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The use of relevant past cases is not new and forms the starting point for case-based 
reasoning. As will be shown in Chapter 3, guidelines are routinely used by 
designers, but a means is needed to incorporate guidelines into a computer-based 
support tool that effectively enables synthesis support which accounts for the design 
space and specifically, manufacturing limitations. 
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3 Guidelines in Design 

Chapter 2 proposed a guideline-based approach to support designers' consideration 
of manufacturability in the early stages of design. It is proposed to base such an 
approach on inherent knowledge transfer capabilities in guidelines and on the 
previously presented theories of design progression. This should provide for 
convenient computer-based guideline storage as well as easy retrieval by designers 
in demanding synthesis activities. To accomplish these objectives, this chapter: 

• reviews approaches to knowledge organisation 

• reviews several existing guideline-based design information organisation and 
delivery approaches, and 

• introduces an action-centred design model. 

3.1 Systematic Design Knowledge 

The act of designing requires, among other things, collecting knowledge gained 
from previous problems and applying it to the current problem. This knowledge 
may be acquired directly from personal experience or indirectly from the related 
experience of others. In the later case especially, there needs to be an effective way 
of containing this previous experience so that it can be communicated to others and 
correctly applied to future problems. Design knowledge is taken to include (1) facts 
about the design artefact, (2) facts about the underlying design context (Section 2.1), 
and (3) understanding about how to create a design using (1) and (2). 

Developing a design support tool requires the codification of design knowledge so 
that it can be captured, stored, and re-used. Design texts, for example, represent a 
codification effort. To incorporate design knowledge into a computer data base 
requires additional rigor and using this knowledge in a knowledge-based system 
requires still more. To understand this knowledge systematisation process, 
knowledge can be examined from two perspectives: codification and recognition as 
shown in Figure 3-1 (Yoshikawa, 1993). 

codified tacit 
computable unstructured 

recognized 

I database 

knowledgebase 
I common sense 

textbook 

unrecognised 

Figure 3-1. Classification of Knowledge (Yoshikawa, 1993) 
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Codification is a measure of the form of the knowledge. Codified knowledge is 
described with symbols and figures and varies from unstructured to fully 
computable. Tacit knowledge is used for human reasoning but is difficult to 
describe. It can be either implicit or explicit, depending on its recognition. 

Recognition is a measure of explicit awareness of the knowledge. Recognised 
knowledge is easily discussed, but unrecognised knowledge is difficult to describe. 
Expertise and skill are largely composed of unrecognised knowledge: 

Real experience is secret. It is born of small daily incidents; small, repeated 
errors; small, renewed successes which, by their number, mark laws to which 
habit submits. It is not thought out, it is lived; one lives with it unconsciously, as 
with gravity - Detoeuf as quoted in Barris (1996). 

"The primary goal of systematisation of knowledge is to convert recognised and 
tacit knowledge to recognised and codified knowledge" (Yoshikawa, 1993). Further 
still, to be of maximum use in a knowledge intensive design environment, the 
codified knowledge should be made as computable as possible without 
compromising the original utility of the knowledge. 

Observational design research is a codification effort that often converts tacit 
unrecognised knowledge into tacit recognised knowledge. Recording guidelines in 
textbooks is a codification effort, which converts tacit recognised knowledge, or 
experience, into a codified form. The proper application of guidelines until quite 
recently relied on a designer's tacit expertise. This expertise relates the current 
design context to relevant guidelines and then applies the knowledge stored in the 
guideline back to the design. Recently, some of this relational knowledge has been 
incorporated into "systematic" design tools that help a designer apply a guideline. 
Examples are the two manufacture and assembly tools developed by Boothroyd
Dewhurst and Lucas1 (Boothroyd, 1994; Lucas Engineering & Systems, 1994). 

Design guidelines themselves are still largely "textbook" knowledge in the sense 
that they are codified but unstructured, i.e. free text. Most recent work 
incorporating them into computer tools leaves guidelines unstructured and uses a 
more computable recall scheme to provide access to them (see Section 3.3). Further 
integration of guidelines into computer-based design support tools could benefit 
from improved guideline codification. Likewise, the tacit knowledge on guideline 
use requires codification, and then the development of computable representations. 

The need is recognised by French (1994b) who in addressing means of improving the 
utility of design principles proposes: 

1 to study design principles extensively and systematically, collecting examples 
and criteria for application 

2 to promulgate the results, and to incorporate them in computer aids for the 
early stages of design. 

1 Lucas Engineering and Systems is now CSC Manufacturing. 
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The first point involves knowledge recognition and codification and the second, 
increasing the codification. 

Codification should be most straight-forward if it is based on the information 
inherent in a guideline and its relationship to the design and designer. This design 
knowledge can be variously classified depending on one's perspective and purpose. 
Typically, however, most views are either based on the application area of the 
knowledge in question or on the structural characteristics of the knowledge itself. 
The first approach is based on the nature, subject, or context of the encoded 
information and answers the question "what is it about?" The second approach is 
based on the form in which the information is encoded and answers the question 
"how is it represented?" The two approaches are necessarily coupled as certain 
knowledge forms, or types, are better suited to specific knowledge application areas. 

3.1.1 Knowledge Types 

Three types of knowledge can be associated with a design (Fawcett, 1987): 

- the design itself 
- laws which apply in the context 
- information about the design which comes from the laws. 

These three types relate to each other through an inference, or analysis, process: 

laws 
design description of 

the design 

The laws, or design rules, give rise to three types of descriptions, or inferences, about 
the design: 

- computable attributes 
- identification of features 
- classification as an instance of a type 

e.g. mass, stiffness 
e.g. hole size, number of gussets 
e.g. a journal bearing, a lathe chuck 

In the design process, it is necessary to run the process in reverse. Given a 
description, i.e. requirements, then a design is derived or synthesised. Design rules 
do not simply run in reverse very well since the description-to-design mapping is 
one to many (Fawcett, 1987). 

To cope with the problem, declarative rules that relate descriptions to designs are 
supplemented by tactical procedural rules about the process of generating a design. 
Additionally, strategic meta-rules relating and coordinating declarative rules are 
required to direct the process. All these rules may additionally account for the 
uncertainty induced by the one-to-many mapping by being heuristic, i.e. by 
recommending an appropriate action but not guaranteeing a result. 

De Jong believes designers use problem-situational knowledge to assess a problem 
correctly prior to rule application as shown in Table 3-1 (de Jong, 1986). Problem
situational knowledge is used to select declarative and procedural knowledge. 
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Table 3-1. Knowledge Types (after de Jong, 1986) 

KnOW ledge type Use/ Application/ Characteristics Example 

strategic least domain specific planning 
problem-situational use to find relevant problem recalling similar 

interpretation problem 
procedural action focused, domain specific design method 
declarative needs interpretation to apply facts, the design 

3.1.2 Operative/Substantive 

Roozenburg and Eekels (1995), in laying the framework for design guidance, discuss 
two types of knowledge: 

Substantive knowledge is "about the composition and functioning of the natural and 
artificial objects and systems surrounding us" and comes from the applied sciences. 
This "can also be transformed into rules and methods for designing" which tend to 
be algorithmic in that "they normally lead to a certain intended result with a great 
deal of certainty. The limitation of these rules is that in general, they aim at one 
aspect or part of the design problem only, without indicating how the result can be 
'integrated' in an overall solution to the problem". Thus it can be said that they do 
not account for the complexity of the design context very well. 

Operative knowledge is about the action and" decisions that precede and steer the 
manufacture and use of artefacts". This comes primarily from "practical experience 
and formal knowledge (such as mathematics and logic)". It is operative knowledge 
that is of primary interest for design guideline support, i.e. knowledge to guide 
designers' actions. 

3.1.3 Static/Dynamic 

Design knowledge varies in permanence (Tang, 1997). General design guidelines 
are static and do not change quickly. Knowledge about the current design problem 
is dynamic and constantly changing. A designer's personal knowledge is frequently 
updated from experiential learning (Duffy and Duffy, 1996). 

Static knowledge consists of fixed concepts used by designers. It can typically be 
found in textbooks. 

Inferential knowledge is the expertise such as problem solving approaches developed 
by designers and includes personal approaches to problems and lessons learned 
from past projects. This may be tacit expertise. 

Dynamic knowledge is the knowledge about the current design situation. It changes 
rapidly as the design develops and will be used to update the stored inferential 
knowledge through inference or learning activities. 
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3.1.4 Heuristic/Algorithmic 

If designers are to be expected to act on a piece of knowledge in the form of a rule or 
method, it is important that they know the reliability or dependability of an 
expected outcome resulting from the application of the knowledge (Section 3.2.2). If 
the outcome is predictable and reliable, the rule is algorithmic. Conversely," Any 
rule or method that cannot be converted into an algorithm is heuristic" (Roozenburg 
and Eekels, 1995). Algorithmic knowledge is also sometimes referred to as "strong". 

Roozenburg and Eekels note that a heuristic aids "finding something, but there is no 
guarantee that it will be found always and by everyone". Referring to de Groot and 
Mendendorp, they posit three rules about rules: 

1 Rules can be unreliable (they can contain unreliable knowledge, or are not 
based on reliable knowledge). 

2 All reliable rules contain knowledge or are based on knowledge. 

3 All knowledge consists of or can be transformed into rules. 

The third point implies the breadth of coverage of a database of design rules is 
potentially as large as knowledge itself. To make a collection of design guidelines 
manageable, some typological bounds need to be established to delineate design 
guidelines of interest. 

Roozenburg and Eekels address the causes of loss of perfect algorithmic form by 
considering the following elements: 

P - person 
R - rule 
S - situation 
G - goal 

C - conditions (initial and boundary) 
E - result of action 
A - action 
sG - subgoal 

Now, a perfect algorithmic rule (one with strong knowledge) is of the form 

"if S(G,C) do A and achieve E(sG)". 

Using this approach, sources of weak knowledge (making for a heuristic) may be 

1 S is not clearly (algorithmically) defined 
(a) for G 
(b) for C 

2 A is not clearly defined 

3 E(sG) is not clearly defined 

4 there is no guarantee that E(sG) will be achieved. 
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Roozenburg and Eekels claim that normally l(b) is the problem. This can be thought 
of as determining relevant aspects of a problem's context which is de Jong's problem 
situational knowledge. 

They note that "design methods are heuristic methods which are based on 'weak' 
forms of knowledge. They do not guarantee a result, but do increase the chance of 
achieving a result. Much depends on the manner in which they are used". It is this 
last area, manner of use, which is largely not codified. 

In the CamCane study, the problem was one of finding the heuristic in the first 
place. This is primarily source 2 above, i.e. not knowing what action to take. This 
was exasperated by not fully understanding the problems and therefore not 
understanding the goal and subgoals, and consequently the possible actions 
associated with them. 

Another view on heuristics provided by Terlouw (Terlouw, 1987), shown in 
Table 3-2, examines how much guidance a rule provides based on knowledge 
available about: 

- the identification (i) of the problem, and 

- the transformation (t) of the problem into a solution. 

Table 3-2. Procedural Knowledge (after Terlouw, 1987) 

Degree of Guidance Generic Exam~le 

no indications/instructions (no i, no t) trial and error 
only analysis indications/instructions (no i) rules of thought* and problem ana'!y'sis methods 
i and t not determined fully heuristics 
i and t fully determined al~orithms 

*general mstructlOns for solvmg problems that are domam mdependent 

Designers certainly use all four procedural knowledge types, but heuristics are of 
special interest. This highlights the role a designer plays in using a heuristic 
guideline, namely identifying the problem to know which guideline to use and then 
being able to apply the selected guideline to the problem at hand. Problem analysis 
methods are interesting in that designers use them for general problem solving, but 
the methods themselves do not provide direct links to problems (i is missing). 
Apparently knowing when to employ these methods is part of designers' personal 
knowledge, and may be tacit knowledge. Note that the second category, rules of 
thought and problem analysis methods, would also contain heuristic rules using the 
Roozenburg and Eekels definitions. 

Brown and Chandrasekaran point out that some solution approaches require real
time reasoning to apply and others embody expert reasoning that took place earlier. 
They offer a slightly different division of rules by separating computational methods 
into problem space exploratory methods and solution algorithm methods (Brown 
and Chandrasekaran, 1989). Problem space exploratory methods are characterised 
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by "knowledge-based and strategy-directed exploration of qualitative problem 
spaces". This contrasts with heuristic solution algorithms which "at run time do not 
engage in the underlying problem space by use of explicit knowledge and general 
exploration strategies." Both types can use approximate and qualitative methods, 
and both imply an interdependence of the knowledge and the technique or strategy 
for their application. General solution approaches of interest to design guideline 
support are problem space exploratory methods. 

3.1.5 Depth and Breadth 

Knowledge can be additionally classified as shallow and deep with respect to other 
knowledge. Yao and Johnson (1994c) note: 

... design knowledge can be relatively shallow or deep according to the detail to 
which the specific knowledge describes a design issue ... if one type of 
knowledge K can be derived from another type of knowledge K' through an 
inference method, then K' is deep with respect to K. The knowledge which 
designers apply to make judgements at early phases of mechanical engineering 
design can be called shallow knowledge, because it is based on (although not 
specifically derived from) deep knowledge, i.e. fundamental analytical 
principles, formulae or computing models. Most shallow knowledge can be 
collected from designers' experience, and can be distilled into guidelines and 
criteria about how certain components behave. 

Some of the useful attributes claimed for shallow knowledge claimed by Yao and 
J ohnson are: 

- during the early stages of design, information is not complete enough to 
support processing with deep knowledge 

- shallow knowledge tends to be broad (covers multiple areas), making it 
suitable for synthesis activities early in the design process 

- shallow knowledge guides a designer to appropriate issues and analytical 
methods more efficiently than deep knowledge. 

When used to support design decision making, shallow knowledge is used first 
followed by increasingly deep levels. The direction reverses and proceeds from 
deep to shallow to review a decision (Sanvido et al., 1989). 

Shallow knowledge is often subject to human bias, work pressures, and emotion. 
Additionally, it is usually the product of personal experience. Consequently 
unfamiliar but important issues can be overlooked (Petroski, 1994). This last point is 
a source of design oversights that result from lack of awareness of all the relevant 
issues. Thus, for early design, support for shallow and broad guidelines is required, 
but this needs to be complete to avoid oversights. 
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3.2 Design Information Reuse 

To effectively support or influence the design process, design information needs to 
be provided to the designer, as operator in the design transformation, in such a way 
that it can be readily applied to the problem at hand. This section reviews issues 
associated with design knowledge reuse. 

Engineers require information from a variety of sources to support the decision 
process. For example, Blockley (1980) lists four types of information as being 
available to the civil engineer: 

- national regulations and specifications 

- professional information 

- commercial and product information 

- experience from previous similar work and also site information. 

Simply being available however does not mean information is useful or even usable 
by the engineering designer. It is proposed that to be useful, information must be: 

- timely 

- dependable (and believed to be so) 

- appropriate (for issues at hand) 

- understandable. 

3.2.1 Timely 

"Timely provision to the designer of knowledge about optimal product 
configuration, manufacturing and assembly costs, so allowing him to make detailed 
assessments of design alternatives throughout the design process" is "the key 
requirement of DEM (design for economic manufacture)" (Swift, 1987). Timeliness 
is influenced by capability to retrieve information, i.e. is it physically available and 
how difficult is it to retrieve. 

3.2.2 Dependable 

DeSign information must be dependable, or reliable, to avoid faulty designs. 
Designers must have confidence that the information is dependable, or they will not 
use it since the practical purpose of the information is the removal of risk from the 
evolving design and using unreliable information can increase risk (Powell, 1987). 

In discussing engineering theories and models, Blockleyequates the dependability 
of a proposition with the testability of a hypothesis. Accordingly there are four 
sufficient conditions for a proposition not to be false (Blockley, 1980): 
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- repeatability of an experiment (can actually redo it) 

- repeatability of occurrence (of the result from the initial state) 

- ease of system identification and description (clarity of the description of the 
state of the experiment) 

- repeatability of the quality or intensity of a perception of the state of the 
system (same results). 

For a practising engineer, experience is validated by the "experiment" of actual 
application. This extends to validation of actual applications done by others. This 
highlights the value of case examples in helping a designer apply the information in 
such a manner that the information is believed to be reliable (Powell, 1987). 

The above points presuppose the information is present in the first place. Missing or 
incomplete information will also hinder dependability. 

3.2.3 Appropriate 

The other issue raised is how the current "experiment" or design problem, compares 
with those done previously. In other words, is it clear that the past and current 
problems are sufficiently similar to expect similar results? Is it appropriate for the 
current context? If the information is on time and dependable but doesn't relate 
closely enough to the issues at hand, it will not be used or may needlessly distract a 
designer (Powell, 1987). It becomes increasingly difficult to apply the further it is 
from the situation at hand. So there are two main issues, information content and 
correct application. 

3.2.4 Understandable 

Finally, if a designer cannot make enough sense of the information to assimilate it, 
no benefit will be received from it. This relates to issues of cognition. First, content 
of the information message must be as unambiguous as possible. Second, the 
presentation style must be clear. Third, the substance of the content must match the 
cognitive expectations of the user so as to not be distracting (Powell, 1987; Reason, 
1990). 

The information criteria can now be matched to influencing factors: 

timely - ease of recall 
dependable - content 
appropriate - context matching 
understandable - interface and content. 

A common means of storing and reusing design information is the use of design 
guidelines. A design guideline in this context is a recommendation to a designer. 
Before refining this definition further, it is helpful to examine other work with a 
view to how guidelines are defined, stored, and employed, rather than their content. 
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3.3 Previous Guideline Work 

Previous work systematising engineering design guidelines is reviewed by 
examining collection and organisation efforts; approaches for delivering guidelines 
to the designer; and guideline use in other domains. 

3.3.1 Guideline Organisation and Delivery Schemes 

Engineering guidance has been" collected" since the first books on engineering 
appeared more than 2000 years ago (Dimarogonas, 1993). A comprehensive review 
is difficult, but typical examples are reviewed. 

3.3.1.1 French 

French collected what he terms design principles, many relating to mechanism 
design (French, 1994a). He notes that each of these principles gives rise to more 
restricted, or narrower, versions. His major groupings include: 

general guidelines 
joint design (location and form) 
kinematic design and the principle of least constraint 
mechanism 
mechatronic 
nesting order 
structural 
thermod ynamic. 

French's principles, or "ideas of wide application", serve as titles for a short 
description that explains the recommended guidance and are accompanied by 
examples and counter examples. He considers his principles to be more specific 
than general problem solving aids and distinguishes them from prescriptive rules 
and scientific principles (French, 1994a). 

Some of French's work is included in the computer tool "The Creativity Design 
Advisor" as part of a larger mechatronic design support environment (French, 1994c; 
Langdon, 1993). The browser is able to exploit user input to establish some 
understanding of a current design problem in order to determine potential 
appropriateness of a recommendation. The browser guidelines and logic are 
function based, for example "provide for the pure translatory movement of a plane" 
(French, 1992). The browser represents a significant guideline codification effort, 
one which French noted is tremendously difficult - one he compares to writing the 
first dictionary, while simultaneously having to invent the basic alphabet. 

3.3.1.2 Lai and Wilson 

Like French, Lai and Wilson functionally trigger guidelines (Lai and Wilson, 1989). 
In their system to rationalise a product, an existing design description in terms of 
geometry and function is provided to an analysis program using a standardised 
Functional Description Language. The program then delivers redesign suggestions 
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to the user in terms of design rules. This approach codifies the local problem context 
(artefact and requirements description) to ease the burden of applying the problem
situational knowledge. 

3.3.1.3 Krizan 

Krizan collected guidelines from current texts to develop an understanding of 
content and application differences for mechanical engineering embodiment (Krizan, 
1995). Whereas French's principles are of similar abstraction level and focused on 
conceptual and embodiment design, Krizan's scheme organises design guidance in 
order to understand different guidance types including differences in universality of 
application, which appear to be highly correlated to abstraction level. He divides 
these design instructions into those for technical correctness and those for economic 
correctness. He further organises technical instructions based on their universality 
according to a four-division scheme: 

General Principles - not limited to design problems, covering all life cycle 
phases 

Principles of Design - focusing on functional correctness, primarily in 
conceptual design 

Rules of Design - focusing on functional correctness other than in conceptual 
design 

Guidelines for Design - focusing on technological correctness. 

3.3.1.4 Suh 

Suh (1990) proposed two design "axioms" to guide designers' decision processes: 

Independence Axiom: Maintain the independence of the functional 
requirements. 

Information Axiom: Minimise the information content of the design. 

The first axiom is applied to support design synthesis by determining" allowable" 
designs. The second is applied to select between these. In practical terms, they are 
applied to mappings between design domains as shown in Figure 3-2. For a matrix 
A mapping functional requirements (FR) to design parameters (DP) and a matrix B 
mapping design parameters to process variables (PV), then the following set of 
equations is employed: 

FR = A DP 
DP = B PV 

Ideal functional independence occurs when A and B are diagonal. However, if they 
are upper triangular, the design process is chosen to avoid unwanted interactions. 
Achieving such A and B matrices guides a designer's choice of embodiment and 
system representation. Practical applications of the A and B mapping proceed in a 
hierarchical fashion, becoming progressively more detailed. Manufacturing 
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limitations are represented as limits on allowable values of PV (Albano and Suh, 
1994). 

The axioms give rise to several corollaries, or design rules, that are a practical means 
of applying the axioms (Suh, 1990). Since the axioms are necessary but not sufficient 
conditions, specific design domains will require additional principles. For example, 
the uncertainty of geologic structure requires the use of a Minimum Uncertainty 
Principle in rock engineering (Bieniawski, 1992). Suh's approach has been used in a 
computer-based design support system where previously stored mappings in 
specific domains can be recalled for use. 

consumer 
domain 

functional 
domain 

physical 
domain 

process 
domain 

Figure 3-2. Four Domains of the Design World (Albano and Suh, 1994) 

3.3.1.5 TIPS 

The Theory of Inventive Problem Solving (TIPS) was developed as a system to 
support concept generation for creative design (Sushkov et al., 1995). It 
accomplishes this by structuring the problem clarification and initial solution 
identification processes. The basic approach is to frame an engineering problem as a 
conflict between two engineering parameters. 

The theoretical bases are "laws of engineering system evolution". One is the "law of 
system ideality" which ties into theories about product evolution. Nine other laws 
are grouped under static, kinematic, and dynamic classes. Early in a system's 
evolution, static laws are claimed useful, while in the final phases, the dynamic laws 
are employed. 

An extensive database of patents is available as examples to aid application of a TIPS 
idea to the problem at hand (Braham, 1995). They may be accessed by any of the 
three basic problem solving techniques included in TIPS: 

(1) The first technique uses "inventive principles" to eliminate engineering conflicts. 
These 40 cross-domain principles are indexed by 39 generalised engineering 
parameters. These parameters are chosen to be those that engineers tend to seek to 
improve, and hence where conflicts occur. These parameters form the basis for an 
indexing system which enables selection of TIPS information appropriate to the 
problem at hand. 
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(2) The second technique involves the application of inventive standards, basically 
an approach for a given class of problem. There are 76 standards divided into 5 
databases plus some standards on laws of engineering system evolution. These 
standards are two-part rules dealing with problem conditions, problem modelling, 
and how to transform the model to meet requirements for using TIPS. This 
technique uses a substance-field, or energy flow, model as an alternative to the 
application of inventive principles. 

(3) Scientific-engineering effects are the third technique. These are physical 
principles that are formulated in engineering terms. These provide a means of 
accessing the case examples. 

In TIT'S, the problem-solving process is structured to match the system and as a 
result learning the system can be difficult. Trainers indicate that it can take six 
months of dedicated work to become truly proficient on the system (Ungvari, 1996). 

The IM-Lab software implementation of TIT'S was applied to a problem 
encountered in the CamCane case study: how to have an attachment to the top ball 
that remains easy to attach and remove, yet can be secure enough to keep a camera 
from detaching accidentally. Several minutes of searching IM-Lab for "reliability" 
and" convenience of use" led to suggestions to apply an inflatable bladder or 
magnets. The bladder was illustrated by an example of a rubber flood control dam 
whose height could be varied by varying the contents of the internal bladder. An 
inflatable bladder was, in fact, a principle actually explored during one of the 
student projects. 

3.3.1.6 Designers' Electronic Guidebook 

Aguirre Esponda collected nearly 3,500 guidelines and organised them into a 
hierarchical tree based on the main topic in each guideline. The goal was to discern 
essential design principles, a task aided by guideline classification (Aguirre 
Esponda,1992). The first three levels of the eight-level classification structure are 
shown in Figure 3-3. Guideline indices relating directly to the "principles of 
embodiment", namely simplicity, clarity, and unity, are highlighted. Some effort 
was made to place less abstract guidelines lower in the tree structure. The 
guidelines included recommendations at varying levels of depth and breadth, as 
well as definitions and examples. No claim to guideline uniqueness was made and 
several guidelines required placing at more than one node. Some nodes contain 
more than one guideline as shown in Table 3-3 which summarises the structure of 
the guidelines after they were incorporated into a more user-friendly database by 
Edwards et al., known as the Designers' Electronic Guidebook (DEG) (Edwards et 
al.,1993). The fact that 145 guidelines remain un-indexed is an indication of the 
difficulty of placing new guidelines into the structure. Guideline access in the DEG 
is through word searching on either the guideline text or subject and keyword lists 
(the tree structure). 
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Figure 3-3. Structure of the Design Guidelines Database (Aguirre Esponda, 1992) 

A recent test of a subset of guidelines from the DEG revealed that the information 
accessed was often irrelevant in the eyes of the designer (Ackers et al., 1995). From 
his observations, Ackers concluded that the primary use of design guidelines is 
evaluating a design. He noted that design guidelines were primarily used to check 
for omissions. Experienced engineers were concerned about overlooking important 
issues and found that the database did not provide new information (Ackers, 1994). 
A possible reason that Ackers observed little synthesis occurring was that the tree 
structure in the DEG makes rapid retrieval difficult, especially when it is competing 
against a designer's mental store of guidelines2. 

2 Ackers used guidelines on cards for his tests and consequently did not test the computer interface. 
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Table 3-3. DEG Structure Summary by L ayer 

Layer Guidelines in Total Nodes Nodes with 
La er in La er Guidelines 

1 0 5 0 
2 0 14 0 
3 21 45 7 
4 218 335 146 
5 461 760 345 
6 776 971 571 
7 1335 1019 869 
8 535 416 416 

un-indexed 145 -

Novice designers seemed to have a different type of problem with guidelines. Often 
a guideline could be found which seemed appropriate but the designer lacked the 
requisite knowledge to apply it (Ackers, 1994). This problem was also noted on 
early industrial tests of guidelines used in the Design for Testability project at the 
University of Salford which led to the guidelines being provided with textual and 
graphical explanations (Lawlor-Wright, 1997). 

A major problem is that the Guidebook does not bring design context to bear on 
guideline selection. Keyword searching presupposes a level of knowledge of the 
relevant issue areas and this is an ineffective means of finding new information 
(Nowack and Edwards, 1996a). Hubka and Eder pointed out that collected 
systematic knowledge is required for two reasons: "(a) obtaining consensus on its 
nature and making it accessible for retrieval and reference, and (b) putting it to use". 
More importantly ~hey noted that usually the knowledge is structured differently for 
these two activities (Hubka and Eder, 1995). Aguirre Esponda's goals for collecting 
and studying guidelines fit into (a), so it is not surprising that his structure and 
content was not entirely suitable for (b). 

3.3.1.7 Design for Manufacture 

A survey of handbooks produced a number of domain specific guideline 
organisation schemes for areas such as Design for Plastic Parts, Design for the 
Environment etc. Bralla, Bolz, and others have collected Design for Manufacture 
(DFM) guidelines in textbook form (Bolz, 1981; Bralla, 1986). 

Bralla provides three types of guidelines called: 

- basic principles of designing for economic production 
- general design rules 
- effects of equipment. 

Ten principles are top level design principles, such as design for simplicity, whereas 
the 12 design rules are suggestions for specific form decisions. The effects of 
equipment relate to the capabilities for general purpose production equipment and 
its impact on product form. More detail is provided by tables containing 
manufacturing process information of three basic types: 
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- part type 
- material 
- process. 

Process capabilities are provided in both qualitative and quantitative terms. The 
part type table entries are of the form <component class, size and complexity, 
dimensional characteristics, typical uses, cost factors, where to find details>. 

Sobek studied Toyota and reported that design checklists are used to maintain and 
transmit production capability information to the designers (Sobek, 1996). 
Production engineers maintained checklists on producibility that are given to 
upstream design activities. The lists include past examples and are updated with 
each project. Current capabilities and feasible design features are reflected in the 
lists. Production engineering also maintain "design space maps" of manufacturing 
capability that are used for training and design reviews. 

A number of computer-based design support approaches provide design guidance. 
Some of these make suggestions that can be considered as guidelines. For DFM and 
DFA, systems such as Boothroyd-Dewhurst Inc., Lucas/CSC, and Hitachi embed 
guidelines in the software or manual implementation in two ways: either tied to 
specific steps of the design process for application to a specific issue; or used as 
rationale or motivation for the process itself. An example of the later is "minimise 
the part count" as a rationale for the process of determining a theoretical minimum 
number of parts. 

Customised groups of design tools, tailored for a specific manufacturing plant or 
capability, also rely on guidelines (Stoll, 1988). The primary role of these guidelines 
in such "process-driven design" environments is to make a designer aware of 
process requirements and constraints early in the design. 

Rapid growth in the use of CAD tools provides a basis for feature-based approaches 
to DFM support. Manufacturing features can be computationally extracted from 
design data, and both design and manufacturing features have been used to access 
previously stored DFM guidance information. This can also be generative in the 
sense that information tied to one feature may call for another feature. 

3.3.1.8 Guideline Coordination 

One of the difficulties of DFX techniques is accounting for negative side effects 
(Barkan and Hinckley, 1993; Meerkamm et al., 1989). At the University of 
Queensland, a system was developed specifically to help designers account for the 
impact a DFX guideline has on other DFX areas (Watson et al., 1996). Guidelines are 
classified using Pahl and Beitz' phases, as shown in Table 3-4. Additionally, 
guidelines are organised into a three-tier hierarchy where the top level is the DFX 
approach, the second level is "broad design rules", and the third is "specific design 
strategies" . 
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Table 3-4. Structure for DFA Guidelines at Embodiment Phase (Watson et aI, 1996) 

PHASE GUIDELINES 

Task Clarification 
Conceptual 1. Minimise the number of components 

2. Reduce the number of components between input and output function 
3. Eliminate features that do not add value to the customer 
4. Standardise a roducts function 

Embodiment 1. Minimise the number of components 
2. Eliminate the need for conduits and connectors 
3. Design multi-functional parts 
4. Standardise a roduct's s le 

Detail 1. A void slight asymmetry of components 
2. Non self-securing parts should locate immediately 
3. Use pilot point screws to avoid cross threading 
4. Use standard corn onents where ossible 

A design team selects and weights the guidelines and interactions for a particular 
project. This has the benefit of providing familiarisation with the guidelines. 
Interactions between DFA and DFD (Design for Disassembly) are revealed in the 
example shown in Figure 3-4. 
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Figure 3-4. Comparison Matrix for Conceptual Phase (Watson et al., 1996) 

3.3.1.9 Parametric Guidelines 

A system developed by Joo and Barton to generate DFM guidelines for printed 
circuit board manufacture typifies another approach to DFM Goo and Barton, 1995). 
They use a narrow definition of a guideline which is essentially a design or 
manufacturing parameter (for example pad spacing) and a value "rule" (for example 
20.020). Such parametric rules are common in DFM (Aurand et al., 1995). They are 
useful for bringing production capability limits into the design feature regime in a 
concrete way. These approaches demonstrate limited utility in conceptual design, 
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but Joo and Barton's system also keeps a database of manufacturability problems, 
possible causes, and related design parameters to decide which rule to invoke. The 
database is a source of more general information for the designer in early design 
stages. 

3.3.1.10 Case-Based Reasoning 

Case-Based Reasoning was developed to exploit the power of past cases by using 
examples to store, find, and re-use past design knowledge. Cases are an effective 
means of supporting development in areas lacking complete domain knowledge 
(Macdonald,1996). Domeshek and Kolodner included 47 guidelines in the ARCHIE 
architectural design case-based reasoner (Domeshek and Kolodner, 1993). In 
ARCHIE, Guidelines are part of a hard-wired network with the case stories to 
provide a "network of example and counter example, generalisation and 
specialisation". The primary means for a designer to access the guidelines is 
through the case stories which, like other case-based systems, are elaborately 
indexed for retrieval. An advantage of this approach is that all guidelines have 
ready-made illustrative examples and the cases provide a means to sequentially 
access contextually relevant guidelines. 

3.3.1.11 Design Reuse 

Case-Based Reasoning is one of a number of general approaches developed to 
support reuse of designs and the information they contain. A larger framework for 
such design reuse is proposed by Duffy et al. as shown in Figure 3-5 (Duffy et al., 
1995). Guidelines then become an integrated part of a larger reuse library of design 
knowledge. Generation of the guidelines can be supported by inferential activities 
in Domain Exploration or directly captured in Design by Reuse. 

Domain 
Exploration 

Design 
for 

Reuse 

Design 
by 

Reuse 

Figure 3-5. Design Reuse Model (Duffy et al., 1995) 

• • • 
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3.3.2 Heuristic Rule Use 

Ye and Urzi studied heuristic rule use by production engineers in an assembly 
sequence planning task (Ye and Urzi, 1996). They note that planning approaches 
that relied on "hard" geometrical and topological feature constraints have difficulty 
coping with the computational complexity and the large number of possible 
assembly sequences. They are seeking an assembly decision-support system that 
can account for" soft" constraints relying on human judgement. 

They observed in assembly planning protocol studies that rules served four main 
purposes: obstruction prevention, ease of handling, efficiency of operations, and 
product safety. Additionally, Ye and Urzi noted various strategies being used, such 
as breadth-first or depth-first. In addition, heuristic rules also guide the design 
process with rules such as "work from large to small". Changing between strategies 
seems to be a decision based on confidence in past decisions and progress in solving 
and understanding the problem. 

3.3.3 Other Disciplines 

Fawcett argues that design is unique, not because of any unique solution methods, 
but because of the problems solved (Fawcett, 1987). Consequently solution methods, 
specifically guideline use, in other domains can be examined to benefit guideline use 
for design. Several areas exhibit problem spaces with characteristics similar to 
design (Nowack, 1997). From warfare comes the idea that high-level principles can 
be applied to multiple levels of planning and can be used to sort out conflicting 
guidelines. Also, the decision-making context is defined by previous decisions and 
the supporting principles. 

From religion and philosophy come the idea that guidelines can be measured 
according to their impact on a universal virtue, in this case love or human benefit. 
Directly assessing such impacts for design is a DFX type of challenge addressed in 
the University of Queensland work and by Olesen who proposed universal virtues 
for DFM (Olesen, 1992). Aguirre Esponda's principles of embodiment can be 
conceived in a similar vein but, in general, have been found difficult to quantify. 
Also from philosophy comes the idea that the importance of a guideline is a function 
of the other guidelines that are dependent on it. 

From music comes the idea that a few principles can cover large areas of 
composition, but more detailed guidelines are type specific. Similar approaches are 
seen in engineering guidelines. Performer and instrument capabilities limit the 
musical domain much as production methods limit the design space. 

3.3.4 Capabilities 

With all the previous guideline support approaches, a key issue is guideline 
selection. Existing approaches for guideline selection fall into three basic categories, 
each exploiting different advantages as shown in Table 3-5. Techniques such as 
French's Creativity Design Advisor tie into product function which is a means of 
influencing early design development strands. When details about the nature of the 
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problem or product are known, this information can be employed to search 
explicitly for guidelines. The Toyota checklists and guideline classification schemes 
are of this type. Alternatively, guidelines can be attached to an external design 
scheme such as Case-Based Reasoning to support selection which has the advantage 
of being able to account for design process. The majority of systems can cope with 
guidelines of varying types and are usable in several design phases. 

Table 3-5. Dominant Guideline Selection Approach and Capability 

Selection Capabilities 
Design Multiple Multiple 

Function Explicit External Process Guideline Phases 
Guidelines Types 

French .I .I .I .I 
Lai & WiIson .I .I .I 
Krizan .I .I .I 
Suh .I 
TIPS .I .I 
DEG .I .I .I .I 
DFM .I .I .I 
Guideline .I .I .I 
Coordination 
Parametric .I 
CBR .I .I .I .I 
Reuse .I .I .I .I .I 

The guideline support approach developed in this research keeps the capabilities of 
the DEG, CBR, and Design Reuse while minimising reliance on explicit and external 
selection. Additionally, the approach is developed to be implemented by small 
firms with a limited number of computer tools such as observed in Section 2.6. This 
is taken to mean a stand-alone tool requiring minimal training to use and maintain. 
The approach is summarised in Chapter 9. 

3.4 Design Guidelines 

A necessary part of knowledge systematisation is defining terminology. Using a 
hierarchy of design guidance from shallow and broad to deep and narrow, various 
existing guidance terms were observed as in Table 3-6. It was noted that they 
display a wide variety of meaning but, in general, principles were high level 
fundamental statements of wide applicability and rules were lower level statements 
of narrowly applicable guidance. Guidelines fell somewhere between the two. For 
example, Edwards and Murdoch used the following definitions (Edwards and 
Murdoch,1993): 

A principle is a fundamental or general truth. In the context of engineering 
design, it is a law concerning a natural phenomenon or behaviour of a system. 
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A guideline is a principle put forward to set standards or determine a course of 
action. Design guidelines are explicit knowledge on the practice of design. 

Table 3-6. Design Guidance Spectrum 

Term Author Explanation 

axiom Suh fundamental, always valid truths 
general principle Krizan not just design, all life cycle phases 
principle Edwards fundamental or general truth 
corollary Suh derived from axioms 
principle of design Krizan functional correctness, conceptual design 
gt!ideline Edwards principle to set standards or course of action 
design guideline Stoll optimal suggestion 
principle French ideas of wide application 
rule Krizan functional correctness, not conceptual design 
guideline Krizan technological correctness 
guideline Joo parameter to address 
rule Joo parameter value to meet 

The following definitions were used for this guideline research: 

Design guidance is a recommendation or suggestion for a course of action to help 
solve a design issue. 

Heuristic guidance is a recommended course of action that is not guaranteed to find 
the desired solution but which is successful often enough to be a useful approach 
(see discussion in Sestion 3.1.4). 

A design issue is "any question, problem, or task identified by designers that needs 
to be resolved" (Ullman and D' Ambrosio, 1995). 

The appropriateness of any design guidance for a particular design issue is 
determined by the design context. The design context is formed by constraints 
which may be imposed by the evolving design itself; by previous design decisions 
including the original requirements; by available resources such as design tools; by 
life cycle constraints; and by designer experience and preferences. Aspects of 
context other than the evolving design itself may be referred to as the design 
environment, or extended context, in which case the design itself constitutes the 
local context. 

Design rationale is the underlying basis for a design recommendation. 

A design principle is a general truth functioning as a statement of objective which is 
not dependent on direct considerations of context for validity. An example would 
be "design for simplicity". It is "a basic truth or a general law or doctrine that is 
used as a basis of reasoning or a guide to action or behaviour" (Hawkins, 1988). 
Design principles do not conflict with each other, are timeless, and cover multiple 
domains. Principles are "basic" in the sense that they are not dependant on other 
principles for their validity (Nowack, 1997). 
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A definition is a statement of some fact not directly affected by context and not 
recommending a course of action. Definitions are encountered as clarifications of 
terminology. An example is likewise a statement of fact insensitive to current 
context by virtue of it being an historical incident. 

A design guideline is a prescriptive recommendation for a context sensitive course 
of action to address a design issue. A design guideline has at least four parts: 

1 issue(s) addressed or impacted 
2 links to design context 
3 action recommendations, and 
4 rationale. 

The basis for this structure is discussed in Chapter 5. A design guideline is heuristic, 
operative, and supports problem space exploration. It may be shallow or deep, and 
may be strategic or tactical (Nowack, 1997). Unlike principles, guidelines may 
conflict with other guidelines. 

A design instruction is "an outline or manual of technical procedure" (Woolf, 1976). 
In this sense it is a means to implement some design action, possibly resulting from 
decisions motivated by previous design guidelines. It is relatively insensitive to the 
design environment. A pragmatic definition can be: 

Successfully following instructions can be described as constructing a course of 
action such that, having done this course of action, the instruction will serve as a 
descriptive account of what has been done. - Amerine & Bilmes quoted in Collins 
and Kusch (1995). 

A rule is "something you should adhere to irrespective of the question" 
(Roozenburg and Eekels, 1995). Examples are design codes imposed by legal statute. 

A physical law is 11 a statement of an order or relation of phenomena that so far as is 
known is invariable under the given conditions" (Woolf, 1976). These serve to 
constrain realisable and feasible design solutions. 

3.5 Action-Centred Design Model 

In order to meet the objectives of this research, Le. to improve guideline capture, 
storage, and retrieval, a basic design model is developed in this section. This is 
based on the theories of design progression, studies of existing guideline collections, 
and case studies. 

3.5.1 Model Development 

A guideline is viewed as a piece of design knowledge supporting designer's 
inference activities. These inference activities need to be accounted for to make the 
support approach as natural as possible for the designers. In this approach, the 
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guideline data structure (guideline model) and. design inferen~e representation 
(design model) were developed concurrently smce they were mterdependent as 
shown in Figure 3-6. The DEG guideline set was chosen as an initial raw data source 
as it provided an unparalleled cross-section of general design guidelines (Edwards, 
1994). Design progression concepts were chosen for the initial inference theories 
since the goal was to support and influence the design synthesis activities. Explicitly 
incorporating progression allowed the inference structure to match normal design 
activity to provide a superior user interface. 

theories and 
approaches 

~ 
raw data 

(guideline sets) 

/ ~ 
candidate candidate design 

guideline data 4 ~ inference structure 

structure ~ / 

test and 
refine 

Figure 3-6. Development of the Basic Guideline Structure 

Candidate data and inference structures were developed by applying existing theory 
in a guided trial and error fashion. In this case, candidate data structures were 
developed first and then refined as inference ideas were developed (Chapter 5). To 
do this, ideas about guideline organisation were applied to various random and 
systematic subsets of the DEG collection. The main approaches taken were based 
on: 

- subjects 
- domains 
- actions. 

The subject approach was difficult since most guidelines addressed multiple 
subjects. Additionally, developing a workable subject taxonomy is a difficult task as 
Aguirre Esponda and others have shown (Ullman and D' Ambrosio, 1995). 
Grouping of subjects was tried to simplify the problem, but further sorting by 
abstraction was difficult given the relative nature of abstraction hierarchies. 

Subject organisation was more manageable when grouped by domains and then 
broken down into levels of artefact detail, ranging from the entire product down to 
individual parameters. Identifying main guideline subjects remained a problem 
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with this approach. This domain and hierarchy idea was pursued further as links 
between guidelines were developed. This is discussed in Chapter 5. 

It was noted that most DFX guidelines were quite focused and centred around a 
central action recommendation to the designer such as "minimise the number of 
parts". Extracting the action recommendation from guidelines turned out to be 
straightforward and most DEG guidelines broke down into a small set of parts: 

- issue 
- action recommendation 
- subject of action 
- predicted consequence of action 
- collateral consequences 
- related issues. 

Guidelines in the DEG without clear actions often turned out to be definitions and 
examples. While these sometimes contained implicit guidance, their value as an 
independent guideline was minimal as they failed to tell designers explicitly "to do" 
something. 

The basic guideline elements can be used as the basis of the design cycle shown in 
Figure 3-7. The designer confronts a problem, or design issue, that requires 
resolution. The designer identifies a number of choices3 and then chooses some 
action to resolve the issue4. This has some effect, or consequence, on the artefact 
being designed. While the designer took the action believing it would resolve the 
issue (rationale) the uncertain nature of design means that the designer must check 
that the consequence did indeed solve the intended issue. As each problem is 
solved, the design advances to the next problem. Implicit in the cycle are design 
objects, or subjects of the cycle, since every issue is about a subject, the action 
operates on the subject, and the consequence affects the subject. 

There are additional lower level decision processes going on in support of this cycle. 
For example, several actions may be possible, but only one is chosen. How an action 
impacts a design may not be unique, so choices are made, though not always 
explicitly. As Eekels pointed out, the designer will also require a flow of 
information to support the decisions. 

~action 

/' motivates 

issue 

fulfils? 

consequence 

Figure 3-7. Basic Design Progression Cycle 

3 This is the hard or factual information on available choices of Eekels (Section 2.3.2). 
4 This is a tentative solution as in Rzevski's model, and relies on estimates of uncertainty which is 
Eekels second type of required process information (Section 2.3.2). 



Guidelines in Design 65 

3.5.2 Model Implications 

This cycle interacts with other cycles in a variety of ways. For example, a designer 
may need to address another problem or supporting issue first to perform the action 
or to be able to select which action to choose. The consequence will give rise to new 
design issues, many not predictable beforehand. These could be refinement such as 
in Popper's error elimination and Dym's design modification (Section 2.3.2). Dym 
also notes that various constraints may have to be dealt with as separate problems, 
or supporting issues in the model terminology. Dealing with side effects, or 
collateral consequences, is Eekels' key decision sanctification issue. With these 
considerations, the action-centred design progression model now becomes as shown 
in Figure 3-8. 

~action 
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issue 

related 
issues 

fulfils? 

supporting issues 

~res 
produces 

consequence 

collateral 
consequences 

produces 

~ 
new 
issues 

Figure 3-8. Expanded Action-Centred Design Progression Model 

An additional feature shown in Figure 3-8 is the related issue. This can be seen in 
the design planning of Dym or the methodical information of Eekels. Situations 
arise where related issues appear essentially simultaneously, perhaps motivated by 
a common precursor. 

3.6 Chapter Summary 

Guidelines provide a means to store and reuse design knowledge with the potential to be 
effective in the early stages of design where shallow and broad knowledge is beneficial. 

For example Stephenson (1995) points out: 

Design principles and guidelines are most valuable when making the transition 
from the functions to be fulfilled to the chosen physical embodiment. Hence they 
are ideal for evaluating decisions made at the earliest stages of the design 
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process. Design principles and guidelines represent "best practice" and so a 
theory based on these suggests that a "good" design will be a reliable design. 
(Stephenson,1995) 

In comparing approaches to DFM, Stoll notes that design guidelines are good in 
areas of: 

- implementation cost and effort 
- training and practice 
- required design effort 
- required management effort 
- speed of effectiveness 
- stimulating creativity 
- teaching good practice. 

Other advantages include: 

- narrowing the range of possibilities 
- ready reference to best practice 
- help identify and prioritise corrective action 
- provide both guidance and evaluation. 

The only disadvantage noted by Stoll is that exceptions are not indicated. This 
shortcoming is addressed by the action-centred guideline approach developed in 
this thesis which captures some exceptions in the form of impacts (Chapters 4 and 
5). Additionally, Stoll notes that when a guideline cannot be applied, a designer 
should use the "next best" guideline. Stoll assumes that the designer is using a small 
set of guidelines stored in human memory or that the guidelines are part a 
systematic DFM approach. How guidelines are found in a more general sense is not 
addressed by existing DFM approaches. Consequently: 

The review of existing guideline support approaches reveals that there is a need for an 
effective means of codifying general design guidelines and principles. 

In particular, a guideline support approach is desired that: 

- supports reliable guideline elicitation (Chapter 7) 

- supports easy guideline storage (Chapter 5) 

- supports movement between guidelines that are broad and shallow and those 
that are narrow and deep to support design development and review 
(Chapter 5) 

- identifies impacts and conflicts between guidelines (Chapters 4 and 5) 

- accounts for design context (Chapters 4 and 6) 

- quantifies impacts to universal virtues (Chapters 4 and 5) 
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- accounts for production capability limits (Chapter 5) 

- relates to associated design tools (Chapter 5) 

- supports interdependence between developing product form and design 
processes (Chapters 5 and 6). 

The approach is summarised in Chapter 9. 
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The action-centred design model, based on design progression theory and actual guideline 
content, provides a framework for effective guideline support. 

The action-centred guideline support approach developed in this research is based 
on an action-centred design model. The model is based on an Issue - Action -
Consequence design cycle that is a simple representation of design activity. Other 
issues of interest to the designer are related to the cycle (see Figure 3-8). Domain 
expertise is captured in Related Issues, Supporting Issues, and Collateral 
Consequences. Supporting Issues help implement an action, a major need for novice 
designers. Collateral Consequences represent side-effects which are essential design 
considerations. New Issues represent the generally unpredictable progress of an 
evolving design. This model provides a simple framework to relate information 
contained in guidelines to designers' actions. 
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4 Guideline Application Study 

Any effort to develop a design support scheme must account for the ways designers 
actually work. This is necessary to properly support designers' behaviour directly, 
or to justify any prescriptive recommendations. This chapter examines designers at 
work from a guideline support perspective. 

Several ways of studying guideline usage are available. Protocol studies can 
provide insights into how guidelines are actually recalled and used, and how they 
tie into design context (Chapter 6). Participant-observer studies provide a means of 
examining how guidelines support problem solving and design management in 
complex problems (Chapters 2 and 5). Retrospective case studies provide a means 
of examining classes of guidelines used, and how they fit into overall design strategy 
and tactics (this chapter). Additionally, these approaches can facilitate "what if" 
studies to examine how guidelines could have been employed to improve a design. 
Study in all these areas is desired to develop a complete understanding. 

This chapter presents a retrospective case study of the design of a Rotary Damper. 
This study provides information on trends as opposed to the more detailed insights 
that are provided by verbal and visual protocols. Specifically, the study explores the 
issue of assigning guidelines to design actions - an understanding that is claimed to 
be required for guideline storage and application. 

"Ideally, the designer should have a reason for every decision he makes, however 
trifling it may seem" (French, 1994b). In this research, it is suggested that it should 
be possible to identify a guideline that supports every rationale design decision and 
its supporting rationale. This is so, since to be rational, a decision must be based on 
beliefs about truth and account for understanding of surrounding context, which is 
exactly the sort of decision support provided by a guideline as shown in Chapter 3. 
Establishing a correspondence between design case studies and guidelines c:ould 
improve synthesis support via guidelines by exploiting the knowledge inherent in 
cases. This chapter examines whether such guideline assignment can be done in 
practice, that is: 

• Can a guideline be identified which supports every design decision made? 

If so: 

• What aspects of the design process relate to guideline choice and application? 

Then: 

• How can the basic guideline usage model introduced in Chapter 3 account for 
issues impacting guideline support? 
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4.1 Rotary Damper Development 

The development of an original design for a Rotary Damper and the subsequent 
testing served as the case study subject. It was well suited to the needs for an 
observable case study since the design was done primarily by a single individual, 
and fabricated and tested in the Cambridge University Engineering Department's 
facilities. Additionally, by being an original design as opposed to adaptive or 
variant design, the process was expected to be observable from a research 
perspective since rationale for the design would have had to be carefully considered. 
The designer was trying to follow a structured design process (Pahl and Beitz, 1984) 
and was attempting to record lessons learned as part of a Cambridge Engineering 
Design Centre (EDC) investigation into supporting aerospace equipment design. 
Finally, an independent evaluation of the design was performed, providing insight 
into where the design could be improved given proper guideline support. 

The Rotary Damper was developed by an engineer with 10 years of design 
experience who was working in the EDC. The development, outlined in Figure 4-1, 
began with a recognised need for improved means of damping movement of 
appendages deployed from spacecraft. Existing designs and possible new 
alternatives were evaluated to find a promising way forward. Concern that the 
selected approach, using material hysteresis, may not have a feasible embodiment 
drove the designer to begin laying out competing concepts as they were developed, 
resulting in highly iterative concept and layout phases. The detailed design was 
reviewed for manufacturability by the Department's workshop personnel. The final 
design is shown in Figure 4-2, and consists of 8 rollers contained by a central 
rotating roller carrier. Centrifugal action causes these rollers to engage and deflect 
the cantilever springs which act as energy absorbing elements. The design was built 
and tested in the Department and was shown to function well. The design was 
subsequently awarded a patent and won a Bronze Medal from the Worshipful 
Company of Turners (Burgess and Khang, 1995). 

4.2 Case Study Overview 

The first step in developing the case study consisted of interviewing the designer to 
understand the developmental steps followed, beginning with need identification 
through to the test phase as shown in Figure 4-1. This resulted in a short narrative 
supplemented by layout drawings. Layout drawings were analysed to determine 
the main form feature parameters and 147 were identified. It was estimated that a 
decision tree complete enough to show how each of these was arrived at would be 
approximately 1000 steps long; too many to serve the developmental purpose of this 
case study. . 

A strand from the total decision tree was selected and subsequent interviews were 
conducted to provide more detail on this aspect of the design. Additional 
information was gleaned from the designer's notebooks and other documentation, 
usually with the assistance of the designer for interpretive help. This strand 
followed the development of the main function carriers - the rollers and cantilever 
springs. A level of resolution was selected to provide an estimated 50 design steps, 
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where a step was either identification of an issue or alternative, or selection of an 
alternative. The resulting strand consisted of 17 issues, 31 alternatives and 16 
selections. It should be noted that the iterative nature of the design was not revealed 
with this approach. 

identify need 

~ 
concept development 

+t 
layout design 

~ 
detail design 

+ manufacturability review 

finalise d!tail design 

~ 
manufacture 

+ test 

independ~ \ 
review .............. 

~ optimise 
design 

/ 
prototype 2 design 

case 
study 
coverage 

Figure 4-1. Rotary Damper Design Process 

The designer had a better recall of how selections were made than how alternatives 
were generated. The alternative generation steps he did recall tended to be those 
made using specific past experience or application of some specific design tool or 
technique. He had little recollection of how various issues were identified. 

Guidelines were assigned, or mapped, to points in the design strand according to the 
designer's recollection of decision rationale. Where the designer did not recall any 
specific guidance used, guidelines that supported the actual decisions made were 
mapped by the researcher based on what was known about the decisions made (see 
Section 4.4). Every transition between steps was assigned at least one guideline. 
Where possible, guidelines came from the Designers' Electronic Guidebook (DEG) 
by using the main subjects from the decisions to find guidelines. As such it 
provided an opportunity to explore the utility of this selection approach 
(Section 3.5). 
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The subject design strand was visually mapped out which proved valuable for 
reviewing the strand and, guideline mappings with the designer. An annotated 
section of the map is shown in Figure 4-3 and the complete map is included in 
Appendix B. Boxes contain issues studied in the strand. Alternatives proposed to 
meet each issue appear in ellipses below the issue. Guidelines supporting the 
alternative generation step are attached to the issue-to-alternative path with design 
process guidelines on the left and form feature guidelines on the right. For example, 
guideline (2912) is a design process guideline that supports the generation of the 
friction, fluid, and eddy current alternatives. That guideline also mentions case 
studies and performance which are shown as topics attached to the guideline. 

Guidelines attached to lines below the alternatives are those supporting the 
evaluation and selection activities. The selected alternatives are followed by a solid 
line to a restatement of the selected alternative - material hysteresis in this example. 
Guidelines between the selected alternative and the next issue are those supporting 
generation of the next issue. 
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A total of 95 guidelines and principles were assigned. Of these, 28 were known to be 
similar to guidance actually used. Another 12 were related to guidance known to be 
used with the remainder assigned to match the known issues, alternatives and 
selections. Attributes of these assigned guidelines, such as main and collateral 
issues, form features addressed, and levels of abstraction, were classified and 
studied. Table 4-1 shows the main categories. 

Table 4-1. Design Event Categorisation 

Main Categories Example 

event number 56 
event type (issue, alternative or selection) issue 
precursor events 55 
tools used drawings 
main event issues design spacing 
guidance (process or feature) P: Scale drawings of spatial constraints .. . 
source DEG 2188 
actually used (yes, no, or related to actual) related 

4.3 Design Trends 

As expected, the issues and alternatives became increasingly more detailed as the 
design progressed. There was also evidence of this trend in the mapped guidelines, 
especially for form feature guidelines. The primary exception to this was the 
designer's response to a situation where no guideline was readily recallable nor 
perceived to be easily accessible. In such cases, the designer tended to default to 
design principles. Then, the designer sought to find an applicable guideline based 
on that principle to apply to the situation at hand. For example: "Design for 
simplicity" gave rise to "Minimise the number of parts to improve producibility". 

The most frequently used principles were" design for simplicity" and "make parts 
symmetrical"l. The later was more or less straightforwardly applied to generate or 
modify a given part or to select between alternatives. How simplicity was applied, 
however, appeared to be less straightforward. This ambiguity actually appears to 
have caused difficulty in at least one situation. This is discussed in Section 4.4. 

The designer frequently referred to knowing from experience that certain design 
tools helped in certain situations. Decisions about when to use a tool were 
influenced by the current problem context and by the availability of tools, part of the 
broader, or extended, design context. In light of the Cam Cane study, it was 
considered that the decision to use these tools was supportable by guidelines. Table 
4-2 includes the main tools used. Only two - SpecBuilder and the Cambridge 
Materials Selector - were specific to the designer's working context. The other eight 
were from the general engineering repertoire. 

1 In this work, a principle is taken as a statement of objective not dependent on direct considerations 
of context, nor on other principles and guidelines. Generally, "make parts symmetrical" can be 
considered as a guideline implementing (and hence dependent on) the simplicity principle, however 
in this case study the designer treated symmetry on a par with simplicity. 



Guideline Application Study 74 

Table 4-2. Design Tools Used 

Tool Step 

Function structure 4 
SpecBuilder 3 
Case studies 6,7 
Literature review 8 
Analogies 27,28 
Comparison tables 12,36 
Sketching 59-61 
Drawing 56 
Cambridge Materials Selector 73,74 
Manufacturing review 81 

4.4 Guideline Assignment 

There was not a unique guideline that could be mapped to most design actions. 
Rather, at each step, multiple guidelines could be found that supported the action 
taken. Often these guidelines simply addressed a different aspect of the problem. 
This suggested that a finer resolution model of the design process was required to 
uniquely map guidelines to a design. These multiple guidelines did, however, 
appear to embrace a finite number of related topics or topic areas. This suggested 
that some grouping existed that could enhance searches for guidelines. 

It was found that the guidelines tended to fall into two general types: those 
addressing design process actions and those addressing product features. The 
guidelines assigned to generate or identify issues were mostly about design process 
as shown in Table 4-3. This was considered as answering the question "what should 
I do next?" The design process guidelines were also the ones to point a designer to 
the use of a design tool. This was noteworthy since the tools were usually employed 
to address specific features and simply by examining the guidelines the <tool> to 
<design process guideline> to <feature> linkage was not obvious in most cases. 

Table 4-3. Types of Guidelines 

State Generated Design Process Feature Total 

Issue 18 9 27 
Alternative 18 15 33 
Selection 4 31 35 
Total 40 55 95 

As shown in Table 4-3, the majority of guidelines applied to selections between 
alternatives were feature guidelines. This was due, at least in part, to the nature of 
the alternative selection process being a comparative evaluation of competing 
features and these features were easily used to find guidelines. Guideline selection 
was not as easy for alternative generation where some assumptions were required as 
to the designer's source of some alternatives. More difficult still was assigning 
guidelines supporting identification of new issues. 
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It was observed that there were three identifiable types of ties between the design 
process guidelines and the actual design process. These were: 

- being motivated by a feature (10 guidelines) 
- addressing the state of design progress or order of activities (5 guidelines) 
- explicitly addressing specific design activities (6 guidelines). 

Examples of these design process guideline categories are: 

Feature type: 

"Study the construction of the assembly and assign design sizes to those dimensions which 
directly affect assembly or functioning or both. These dimensions become the functional 
dimensions. Note: Functional datums are also identified in this procedure." 

Here the pre-existing feature is an assembly and the core recommendation is to 
assign design sizes. 

Design progress or order: 

"All design must start with a need or requirement, from this the designer decides what the 
objectives are. " 

In this case, the order is determined as the first step in the design development. This 
guideline also then identifies a subsequent step, that of determining objectives. 

Design activities: , 

"Only those features of the design should be compared that satisfy the requirements in 
varying degrees, or that are different, such as gears in one design and belts in another." 

Here, the activity is performing comparisons. 

The remaining 18 design process guidelines were broadly applicable for general 
problem management and problem solving. These general problem solving 
guidelines lacked any clear means of linking into the design context using the issue
alternative-selection model and main issue mapping approach. The selection was 
based on the fact that their use was known in this retrospective case study. The 
issue-alternative-selection model fails to capture the design process details necessary 
to identify the match based on model and guideline content. The impact of this is 
seen in Table 4-4 where for the guidelines matching actually used guidance there 
were 7 relating to process and 19 to feature, while other categories were better 
balanced between process and feature. It was also noted that the guidelines 
addressing a feature also often implied some sort of order of activity (implicit design 
process) due to the requirement for certain features to already exist in order for the 
guideline to apply. Such features would be "supporting issues" in the design model 
of Chapter 3. An example of a general problem solving guideline is: 
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"To improve the design, try to invert the chosen solution." 

This is a basic problem solving approach. Note that" design" can be considered a 
feature as in the first example but has little value as a guideline search criterion since 
it is so generic. Terlouw's work predicts such difficulties relating "rules of thought" 
and "problem analysis methods" to the design due to a lack of clear problem 
identification (Section 3.1.4). 

Table 4-4. Guideline Characteristics 

Process Feature 

Actual guidance 7 19 
Related to actuals 5 8 
Hypothetical use 25 28 

The consequence of these design process guidelines is that a design environment 
capable of tracking features could be expected to trigger, or select, 25% of the design 
process guidelines as shown in Table 4-5. A process-based design system, such as 
proposed by Blessing (1994), could trigger the 13% explicitly tied to order of 
activities. Explicit searching for process support would find 15%. It is unclear how 
the remaining 46% can be effectively linked to the design environment. 

Table 4-5. Design Process Guidelines 

Desi!!Il Process Guideline Type Number (%) Possible Selection Support 

Feature 26 feature-based design environment 
Order of activity 13 process-based design environment 
Specific design activity 15 explicit search 
General problem solving 46 ? 

4.5 Conflict Resolution 

Resolving conflicting demands and advice is an essential design skill. Some insight 
into how guidelines can support this activity was gleaned from the case study by 
looking at five situations where conflicts were dealt with: spring angle; spring 
spacing; spring production approach; type of roller carrier; and roller shape. 

Conflict 1: Spring Angle 

There was a conflict over what angle the springs should make with the outer 
annulus. The options were inclined as shown in Figure 4-4, which is an excerpt from 
the designer's notebook, or perpendicular as shown in Figure 4-2. The inclined 
option was motivated by a desire to make objects for space applications as compact 
as possible. The perpendicular option was motivated by symmetry considerations, 
specifically in this case by bidirectionality: the ability to operate forwards and 
backwards equally well. This in turn was motivated by a desire to be able to back 
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drive the mechanism after a 11 forward" direction test. This was to avoid having to 
disassemble the mechanism which would adversely affect reliability. Such test 
desires came from the designer's experience in the space industry. 

N 

---\--~~--

M 

Figure 4-4 . Angled Cantilever Spring 

To resolve the conflict it appeared that the main considerations were adequate 
functionality and impacts on external properties, primarily cost. The perpendicular 
option had better functionality being bi-directional, whereas the angled option had 
potentially lower launch costs based on weight and size. The designer opted to 
follow the improved function route. 

Conflict 2: Spring Production Approach 

Once the perpendicular option was chosen, a means of fabricating and attaching the 
springs was desired. The designer stated he was quite concerned about being able to 
accomplish this at all (feasibility) and was not at first concerned with optimising the 
approach (cost). Simplicity was applied and interpreted to mean the use of a single 
piece of material machined to form springs, as shown in Figure 4-5 reproduced from 
the designer's notebook. All the springs would then be bonded in one operation. 
This approach was interesting since part minimisation is usually associated with 
production cost reduction and reliability improvement, not production feasibility 
improvement. 

Next, effort was made to find the best means of production given that this was a 
one-off item. The shape lent itself to moulding and extrusion, but these were 
believed to have unnecessary tooling costs. The designer had seen plastic machined 
before and believed it to be feasible in this case. 
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Fortunately, the designer had another guideline that personal experience indicated 
should be applied, namely to get a manufacturability check prior to finalising the 
design. Visiting the workshops raised the issue that machining such flexible 
material would be difficult. An alternative was suggested by the machinist: use 
standard thickness material, cut to size, and bonded into machined slots. The slots, 
while numerous, were all identical and easily done in a repetitive manner. It was 
possible that the designer's background in spacecraft design, where analysis costs 
can dominate manufacturing costs, failed to highlight the potential of using 
standard section material, and standard features such as slots. The designer 
indicated that he had no idea such standard sections were available. Note, however, 
that the previous symmetry decision to make the springs perpendicular to the outer 
wall eased the difficulty in machining the slots. 
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Figure 4-5. Single Piece Cantilever 

Conflict 3: Spring Spacing 

In determining the spacing between the springs, several conflicting issues emerged 
which led to conflicting demands on features as noted in Table 4-6. The designer's 
approach was to sketch out the springs to get a feel for proportions for solving the 
spacing problem. This was employing a general design tool to resolve a specific 
feature problem. The end result was a compromise spacing that was felt to meet all 
three issues satisfactorily. The cantilever conflicts are laid out in simplified form in 
Figure 4-6. The subjects of the principles and guidelines used are annotated next to 
the figure and some of the underlying motivation behind the principles and 
guidelines is noted on the right-hand side. 



Guideline Application Study 79 

Table 4-6. Spring Spacing 

Issue Driven Feature 

avoid rollers getting caught between springs sprinK S})acing - smaller 
minimise effects of air damping lower spring deflection, minimise side profile 

(smaller spacing) 
maximise hysteresis damping larger deflection (larger spacing) 
avoid contact between adjacent springs sprirtg sEacirtK - larKer 

form/production approach 

determine candidate 
production approach 

Subject of 
Principle I Guideline 

Compactness 

Bidirectionality 
J

Symmetry 

Simplicity 
J-

Minimise part count 

Subject of 
Motivation 

Spacecraft costs 

Testability 

Testability 

Production feasibility 

Production feasibility 

Suitable production Cost and effort 
J-

Minimise special One-Off design 
tooling 

Check Feasibility Design validation 

Standardise parts Cost reduction 
J-

Standardise production Cost reduction 
features 

Figure 4-6. Cantilever Development 
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Table 4-6. Spring Spacing 

form/production approach 

determine candidate 

Driven Feature 

Subject of Subject of 
Principle ! Guideline Motivation 

Compactness Spacecraft costs 

Bidirectionality Testability 
t 

Symmetry Testability 

Simplicity Production feasibility 
t 

Minimise part count Production feasibility 

Suitable production Cost and effort 
t 

Minimise special One-Off design 
tooling 

Check Feasibility Design validation 

Standardise parts Cost reduction 
t 

Standardise production Cost reduction 
features 

Figure 4-6. Cantilever Development 
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It was noted that principles and guidelines appeared both as primary issues guiding 
the design and as motivation for these issues. There also seemed to be some flow 
from one guideline or principle to another as shown by the arrows. This flow did 
not necessarily translate directly to the motivating issues. However there appears to 
be some relationship in the motivation as well. In three instances the motivation 
was essentially identical. Progression was evident the case of "one-off design" 
which was a specific context in which to minimise cost and effort, that is, to 
minimise cost and effort for a one-off design, minimise special tooling. The apparent 
approach used to apply guidance was to increase specificity to a point where action 
could be taken. 

Conflict 4: Roller Shape 

Following a decision to have some sort of "centrifugal action" engage the springs, 
the general form of the engaging element was required. The two alternatives 
considered were a wedge (Figure 4-4) and a cylinder (Figure 4-7 and Figure 4-2). 
The wedge was believed easier to analyse and the cylinder simpler to produce. The 
simple production solution was chosen. 

Given the designer's background in spacecraft design, this was somewhat surprising 
as engineering analysis costs were often dominant (Burgess, 1995). Simplicity was 
apparently of higher importance in this design. Its impact on function was seen as a 
possible explanation since the designer indicated being preoccupied with ensuring 
adequate function. 

Conflict 5: Roller Carrier Concept 

Quite late in the design process, the designer realised that friction between the 
rollers and the slots that guide them might be a problem, so the means of carrying 
the rollers was reviewed. In deciding what sort of element to use to hold the rollers, 
a choice was made between simplicity on one hand and better functionality 
accompanied by greater complexity on the other. In this case, the more complex 
solution, that of having a pivoted arm with rollers on low friction bearings, was 
believed to give better performance by virtue of having lower friction (Figure 4-7). 
The idea was to eliminate secondary effects. The existing open slot concept, 
however, was simple - a principle that the designer believed would benefit 
functionality in general. 

Figure 4-7. Low-Friction Roller Carrier Option 
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The simple solution was chosen in this case. However, the designer stated that if 
other designers had been helping detail the design, such as was the case in his 
previous position, he may have chosen the more complex option to get the better 
performance. This is a case of available resources constraining options. This conflict 
is illustrated in Figure 4-8 which shows how some of the secondary reasoning is 
captured by issues addressed by the guidelines. 

Also interesting was a comment by the designer that he realised a need to criticise a 
design or else the euphoria of solving a difficult problem may blind him to faults 
with it. It is interesting that he knows this, but seems to need and desire an external 
reminder in the excitement of designing. 

D1 367: acting forces - (friction forces) 

secondary effects 

Determine if roller friction is OK 

(revisit decisions) - D2823: checkin 

~;:::::::!- °t o t I ~ (position control) 
+-=~~OSI Ion con ro ......... (kO 0 0 0 I ) mematlc pnnclp es 

~-r---:::"--'--~ 

(implementing) - D1 1 93: implem.:..::e;:.,:n.:;,:;ta:.:::b.:..::le"'-?t-_---6 
~ D291 3: change impacts 
~ 02037: major changes 

sim le 

Figure 4-8. Roller Carrier Option Map 

Conflict Resolution Trends 

There was some evidence of the use of dominant issues in forming a strategy to 
resolve conflicts. An example is ensuring proper function, which the designer 
claimed to be greatly preoccupied with. Conflicts can be examined in terms of 
impact to functionality and competing issues as shown in Table 4-7. 

Table 4-7. Conflict Issues 

Conflict Area Functionality Issue ComEetin$ Issue 

spring angle bidirectionality (symmetry) space and weight impact 
spring production approach none feasible production 
spring spacing -larger (material damping, none 

avoid contact) 
-smaller (stuck rollers, air 
damping) 

roller shape roller (simplicity) wedge (analysis) 
carrier -pivot arm (avoid secondary pivot arm (design complexity) 

effects) 
-open slot (simplicity) 
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In the cases of the spring angle and roller shape, he decided in favour of improved 
functionality, which is in line with the concern he had that the damper might not 
work at all. In the case of the spring spacing, where the conflict was between two 
functionality issues, a compromise was reached. In the case of the carrier, he would 
have liked to have gone with what he perceived to be the best functionality, the 
pivot arm, but the cost was too great for his resources, so he defaulted to what he 
perceived to be the acceptable functionality of the open slot. Additionally, when 
options were available, he chose symmetric and simple solutions. Prioritising 
guidelines by issues such as functionality and cost might be useful for guideline 
selection when working on a performance driven design such as the Rotary Damper. 

More generally, the designer's preferences could be reflected in the principles of 
embodiment as shown in Table 4-8. The relative importance of each of the 3 external 
and 3 internal principles (Aguirre Esponda, 1992) are noted for the Rotary Damper 
project. These principles offer a possible framework for relative guideline 
prioritisation which could be adjusted depending on specific project priorities2 . 

Table 4-8. Principles 

Principles of Relative Rotary Damper Issues 
Embodiment Rank 

External 
Performance 1 adequate function was a dominant issue 
Economy 3 not a primary driver for this project 
Reliability 2 essential for space applications, indirectly motivated test issues 
Internal 
Simplicity 1 a designer preference for better functionality, gave rise to symmetry 
Clarity 2 reflected in a personal preference to minimise secondary_ interactions 
Unity 3 supported by symmetry 

4.6 Design Review 

The design was entered in the Worshipful Company of Turners Design Prize 
competition. Competing designs were reviewed for quality of the design and 
suitability for manufacture. Judges raised six points of concern for the Rotary 
Damper (Sloan, 1996). Each point was subsequently reviewed as part of this case 
study with the designer's assistance and assumptions were made about the root 
causes. Guidelines were identified and mapped to the design process 
retrospectively to propose scenarios to avoid the problems. The six points and 
discussion of each are included in Appendix B. 

Reviewing the six points raised by the judges gave rise to three possible guideline 
support improvements. Firstly, guidelines about a given issue need to trigger other 
possibly related issues for designers' consideration to reduce the incidence of 
oversights. This could be applied between guidelines or, as in the case of 

2 An alternative to the principles of embodiment for manufacturability might be Olesen's Universal 
Virtues which are specifically developed to support manufacturability considerations. These are: 
costs, throughput time, quality, efficiency, flexibility, risk, and environment (Olesen, 1992). 
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overlooking temperature effects in material selection, guidelines could be tied to 
actions in a software tool to alert designers to potential issue areas. 

To follow up on this idea, an approach making use of links between guidelines, 
already determined to be of importance, was explored. Issues raised by the mapped 
guidelines were used to find new guidelines and those used to find still further 
guidelines. The idea was to find paths to subsequent portions of the design process. 
Finding such paths proved difficult and few observable trends were evident in the 
paths that did emerge. Using more directed relationships between guidelines as 
identified in the study was subsequently pursued (Chapters 5 and 6). 

The second area of potential benefit stems from the observation that the design was 
dominated by a few specific issues: light weight, adequate function, and small size. 
These issues drove decisions but also led to design fixation, for example the focus on 
light weight design causing roller carrier simplification to be overlooked. A means 
of prioritising guidelines and impacts according to these issue priorities may help, 
for example, by highlighting simplification opportunities. Triggering guidelines by 
related issues as mentioned above could help overcome design fixation. 

Finally, there is a need to have some means of accounting for design context in 
guideline selection. For example, the fact that this was a prototype meant that 
Aluminium and PTFE sliding was tolerable and that special tooling was avoided 
(Section 4.5). Such contextual issues should be accounted for in guideline support. 

In addition to implications for supporting the design, there is also implication for 
supporting design documentation, or report preparation, in this case, the one 
submitted for the competition. Some of the criticisms resulted from not 
documenting (at least in the report) minor issues that were in fact dealt with in the 
design. For example the use of PTFE and aluminium in sliding contact was pre
meditated and since it went against conventional guidance, it should have been 
documented in the report. If guidelines had been mapped to the design, these could 
have been reviewed (the design "replayed") to assist in documenting the design and 
its justification. 

4.7 Summary of Guideline Support Implications 

Using the issue-alternative-selection representation of the design process (Section 4.2) and 
selecting guidelines based on each main issue provided a guideline for each modelled decision. 

The level of detail required for this model was easily provided by the design record 
and interviews, except for the process of issue generation. However, there did not 
appear to be a unique design-to-guideline match using this approach. A more 
accurate matching process is needed to establish a unique mapping. 

A number of influences on the design process were seen in the mapped guidelines. 

A few design principles dominated decisions. These were applied throughout the 
design process. Specifically the development process was dominated by 
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consideration of: simplicity, symmetry, light weight, and small size. These were 
applied directly when a more specific guideline was not available. This was 
occasionally misleading when taken too far or when particulars of the design 
situation (context) were not considered. 

From the observations, a hierarchy of guidance was evident with a preference for 
using more specific guidelines. This more specific guidance may be prompted by 
either the same motivation or by a sub-area of the motivation for preceding more 
general guidance. It became apparent that the motivating issues could be 
represented by guidelines which means that guidelines can provide motivation for 
other guidelines. This assumes an appropriate means of relating the guidelines is 
available. Similarly, issues in conflicts and overlooked issues could be represented 
with guidelines. 

The existing design context constrained decisions. Actual application of the 
principles and guidelines of various types at various levels was influenced by the 
specific design context: a prototypic at novet spacecraft design. The design's 
novelty lead to a focus on functionality; its prototypicality led to toleration of 
shortfalls and avoidance of special production tooling; and its spacecraft application 
led to concerns for light weight, small size, and high reliability. In addition, the 
designer's preferences for simplicity and symmetry were evident. Past experience 
was also reflected, for example in the approach to providing testing support. 

There are a number of relationships between guidelines that could be exploited. 
In addition to the general-to-specific hierarchy, guidelines were seen to relate to each 
other implicitly through necessary pre-existing features. Other relationships existed 
between process guidelines and tools. A difficulty exists, however, in that the 
process guidelines lack a clear means of tying into the design features. This is a 
particular problem for general solution techniques that made up 46% of the design 
process guidelines. This process-feature link appears especially important for 
generating new issues. 

The basic model needs to account for contextual influences, and relationships among 
guidelines. 

There are three basic relationships of interest for guideline support: guidelines to 
the extended context, guidelines to the design (local context), and guidelines to each 
other. Chapter 5 addresses the relationships of guidelines to each other. An aspect 
of the relationship between guidelines and context seen in this chapter was the 
influence of dominant issues or preferences and available resources. These can 
impact the design cycle in the form of auxiliary information ensuring that normative 
assessment is done welt or in essence bringing the context of the design to bear on 
the process. The context defines what issues are appropriate, which actions are 
feasible, and influences the actual outcome of the designers actions as shown in the 
annotation of the action-centred design model in Figure 4-9. 
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The study confirmed Powell's (1987) assertion that it would be useful to be able to 
prompt the designer for issues that might be overlooked since designers will not 
always check for overlooked information. Examples from the case study include 
overlooking the use of standard sections and simplifying the hub. To do this, 
however, there needs to be a better means of matching a guideline tool to the design 
(local context) to then find appropriate related issues in guidelines. The current 
approach does not uniquely provide a match. The match needs to account for 
extended context and other issues as well as the design, including both features and 
processes. This would also aid guideline selection since this was found difficult 
using just main subjects. Two possible approaches to improve selection are to rank 
guidelines by a measure such as their relative impact on the motivating issues, or to 
use different or additional matching criteria (see Chapter 6). 

Checklists were seen to be helpful, but limited in their ability to adapt to the specific 
needs of the Rotary Damper development. If guidelines with relevant issues can be 
selected, they could be presented in list form as a type of dynamic checklist. 

The retrospective case study provided an opportunity to observe strategic decisions 
as expected from such a study. There are more detailed decisions going on and it is 
not clear these proposals will work at a more detailed level. Chapter 6 examines 
this. 
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5 Guideline Storage 

It was proposed in Chapter 3 to use guidelines in an autonomous decision support 
role as opposed to making their use dependant on cases, a reasoning system, or 
feature-based CAD. To exploit fully the flexibility and utility of design guidelines in 
early design, an approach for guideline storage and retrieval is required. As shown 
in Figure 5-1, a guideline database serves as the repository for collected guidelines 
and the guideline source to support design tasks (Charlton et aI., 1997). 

case 
studies 

experts 

sources 

Guideline 
Collection 

Guideline 
Storage 

guideline 
database 

Guideline 
Retrieval 

gU;del;~ designer 

Figure 5-1. Central Role of Database 

The database can best accommodate these two tasks by exploiting information 
inherent in the guidelines and the design tasks. In this sense, both the nature of the 
design problem and the designer's inference strategy should influence the 
knowledge representation and coding approach (Bylander and Chandrasekaran, 
1987). The main solution proposed for this "interaction problem" is based on the 
exploitation of the action-centred design model which represents the designer's 
inference activities and is mirrored by parts of design guidelines. In this chapter, the 
model is extended to accommodate sets of guidelines through use of guideline links 
and domain-based grouping. Chapters 6 and 7 focus on guideline collection 
activities, and Chapter 8 on guideline retrieval. 

The database organisation must also support a third task which is completeness 
evaluation. This determines how complete the guideline set is for a given type of 
design task. Completeness of information sets, or collections, is important for 
dependability (Section 3.2). 

This chapter examines how guidelines can be organised in a manner that accounts 
for design progression, that is: 

• How can the action-centred design model be used to support guideline storage 
in a manner facilitating guideline entry and retrieval? 
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This is accomplished by examining sets of manufacturability guidelines to determine 
a candidate set of guideline links. Then, a set of guidelines for advanced composite 
products is used to further refine the links and to understand the relationship of the 
links to the various guideline elements. This leads to a refined theoretical approach 
to the link scheme. Finally, a domain-based classification scheme is presented. 

5.1 Background to the Approach 

To explore how guidelines could be easily and reliably organised, sets of guidelines 
were organised and compared (Nowack and Edwards, 1996a). A candidate 
approach to guideline organisation was theorised. The first assumption was that 
guidelines relate to one another in a hierarchical manner (Section 4.7). That is, each 
guideline can be considered as a specific application of at least one more general 
guideline or principle. The second assumption was that each guideline has a 
primary effect on the design, but it is the collateral impacts, or side effects, which 
ultimately determine its suitability for a given context. The hierarchical approach is 
consistent with French's observation that some guidelines are specific cases of others 
(French,1994a). Additionally, it is consistent with personal experience and with 
McGinnis and Ullman's observation that design constraints start off being abstract 
and slowly increase in detaiIl. The side effects view is consistent with Eekels 
decision theory. 

Eekels pointed out that a course of action must be judged not only on its outcome, 
but on its side effects as well. These include such issues as manufacturing, 
transportation, and environmental impact (Eekels, 1993). Accounting for side effects 
can be computationally complex and while easily done by a designer, it is not easily 
programmed for a computer. It was hypothesised that the inherent design 
progression support in the design cycle and in guidelines (Section 3.5, Chapters 2 
and 4) could form the basis for a computer tool to provide design support which, if 
programmed effectively, could use guidelines to help a designer identify relevant 
issues including collateral impacts. This assumed that each decision can be 
supported or justified by a guideline (see Chapters 4 and 6). 

5.2 Trial Sets 

Aguirre Esponda's collection of design guidelines was used to study organisational 
schemes. To do so required using guideline sets from a single domain and of a small 
enough size to enable easy manipulation and identification of inherent trends. 
Guidelines were extracted from the DEG collection that included manufacture, 

IMcGinnis and Ullman viewed each design decision as adding a constraint to the design, in effect 
narrowing the search space (McGinnis and Ullman, 1992). They proposed three types of constraints, 
given, introduced, and derived. Given constraints were those initially furnished to the designer. 
Introduced constraints came from external references. These ranged fTom the general such as "keep 
everything as light as possible" to specific such as equations and material data. These then were 
essentially guidelines of various levels of abstraction. The last type, derived constraints, originated 
from within the design as a result of decisions which were driven by all three types of constraints. In 
the terminology of this thesis, this last type is artefact induced context. 
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assembly or similar root words in either the guideline text, subjects, or keywords. 
This resulted in 946 guidelines. Guidelines from several authors were then selected 
to yield manageable subsets of Design for Assembly guidance. The authors and 
numbers of guidelines were: 

Andreasen 60 
Boothroyd 42 
Bolz 36 
Kreuger 28. 

Using the main action addressed by each guideline, the guidelines in each set were 
organised in accordance with the hierarchy and side effect assumptions. Logical 
connections between the guidelines were then added. Additionally, organisation of 
the set from Bolz was repeated with the additional 6 guidelines in the DEG but not 
in the initially extracted 946 guideline set. An example set is included in Appendix 
C, Section 1. 

5.2.1 Candidate Link Results 

It was immediately apparent that guidelines tended to cluster about common 
themes. That is to say, clusters or groups were more interrelated with each other 
than with guidelines from other clusters. 

A difference between sets was seen in how guideline groups seemed to relate to 
higher level (i.e. more generally applicable) guidelines and principles. In the case of 
the Boothroyd set, the guidelines flowed quite naturally to principles such as 
"design for easy repair". These, in effect, served as motivating goals for the other 
guidelines. Why this was the case in one set more than the others was not clear. 

The initial effort resulted in two groups of links: 

- within clusters, links were: similar, alternative, why, how 
- between clusters, links were: how, negative consequence, alternative. 

Five levels of abstraction were observed based on the area of guideline application: 

- application to entire product (for example: design for simplicity) 
- application to class of elements (fasteners) 
- application to subclass (screws) 
- application to sub-subclass (self-tapping screws) 
- application to specific instance (9.5mm #6 slotted panhead screw). 

Several areas of application were apparent in vertical parent-child relations or 
themes: 

- form determination (item selection, geometrical features, material choice) 
- design process recommendations 
- production process guidance. 
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Action recommendations consisted of: 

- consider an issue 
- avoid a feature 
- add a feature 
- adapt a feature to meet a requirement. 

One conclusion was that the hierarchy approach was able to highlight missing 
guidelines. This occurred when a parent was logically missing from the subset. For 
example, as shown in Figure 5-2, guidelines (D301)2 and (D277) lacked a logical 
connection. An intermediate guideline was therefore inserted. 

0301 Minimise the number of parts 

l How 

Minimise separate fasteners 

1 How 

0277 During the redesign of a product it might be 
suggested that a screw, nut and washer might be 
replaced by a rivet, or alternatively, that the parts might be 
joined by welding or by the use of adhesives. This would 
eliminate at leas! two assembly operations but would result 
in a product that would be more difficult to repair. 

0264 Assuming that separate fasteners are 
necessary, consideration could be given to 
alternative fastener design. 

Figure 5-2. Identification of a Missing Guideline 

5.2.2 Guideline Relationships 

The links were generalised into a candidate set consisting of: 

- implementation 
- alternative 
- similar 
- requires 
- impacts 
- explanation 
- definition 
- support 
- example 
- tool. 

The following examples taken from the organised guideline sets illustrate the links. 

2 The notation (D301) refers to guideline 301 from the DEG collection. (C7) refers to guideline 7 from 
the advanced composite guidelines, and (260) refers to guideline 260 from the Cambridge 
Engineering Database (CED). 
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Implementation (HowlWhylWhen) 
These links were generally between a parent and child. The child was usually a 
specific implementation or application of the parent. A means of implementing 
(D1241) which involves snap fits and pancake assembly is provided by (D1245). 

(D1241) Avoid the use of fasteners. 
J, How (snap fit, pancake assembly) i Why (avoid fasteners) 

(D1245) Design for snap fits and pancake assembly techniques to minimise the number of 
fasteners. 

Alternative 
This link was generally between guidelines of similar detail. Often it seemed to have 
a preferred direction. 

(D1241) Avoid the use of fasteners. 
J, Alternative, if can't implement i Alternative, preferred 

(D1239) If you cannot eliminate fasteners, standardize them. 

Similar 
This link was generally between guidelines of equivalent abstraction that were 
somehow similar. This link may be between two guidelines covering the same issue, 
action, or consequence but worded differently, as in (D1235) and (D1236) below. 
Such links sometimes helped clarify a guideline. For example "minimization" in 
(D1236) could be taken to apply to any individual part as in reduction of some key 
parameter such as weight, size, or stress. However, (D1235) makes it clear that the 
parameter of interest is the number of parts. 

(D1235) Reduce parts count. 
J, i Similar idea (parts count, parts minimisation) 

(D1236) Promote the minimization of parts. 

(D50) Avoid tolerance demands on components so that production costs are reduced. 
J, i Similar idea (tolerance, surface) 

(D49) Avoid surface demands on components so that: 
-production costs are reduced 
-handling during assembly can ignore vulnerability. 

(D282) Sharp corners must be removed from the path of the part to be assembled so that they 
are guided into their correct position during assembly. 

J, i Similar idea (guiding parts) 
(D286) Apart from product simplification, great improvements can often be made by the 
introduction of guides and tapers which directly facilitate assembly. 

Requires 
These were temporal links such as "must first have" and" can then have". 
That is, they were if-then relationships with precondition and consequence. In 
Chapter 4, such a relationship was observed between design features and was 
expanded here to include design process activities. 
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(D38) Design for automatic assembly. (a precondition) 
J, Requires i Required by 

(D32) Automatic assembly requires quality control. (a consequence) 

Impacts 

91 

Impacts and Impacted By links highlighted potential consequences. These impacts 
were either positive or negative. 

(D264) Assuming that separate fasteners are necessary, consideration could be given to 
alternative fastener design. 

J, Impact (repairability) 
(D277) During the redesign of a product it might be suggested that a screw, nut, and washer 
might be replaced by a rivet, or alternatively, that the parts might be joined by welding or by 
the use of adhesives. This would eliminate at least two assembly operations but would result 
in a product that would be more difficult to repair. 

(D271) One of the first steps in the introduction of automation in the assembly process is to 
reconsider the design of the product so that the individual assembly operations become 
sufficiently simple for a machine to perform. 

J, Impact (cost savings) i Why, motivated by (product design) 
(D269) The greatest savings in assembly are to be made by careful consideration of the design 
of the product and its individual parts. 

J, Impact, caution (existing product) 
(D268) Experience shows that it is difficult to make large savings in cost by the introduction 
of automatic assembly in the manufacture of an existing product. 

ExplanationlOefinitionlSupportlExample 
These links provided additional information to understand guideline context. Some 
guidelines included illustrative examples and terminology clarifications within the 
guideline text and did not need an extemallink. 

(D29) Assembly can first and foremost be rationalized by changing the product so that 
assembly becomes superfluous or at least simplified. 

J, Definition (rationalisation) i Used in 
(D70) Assembly rationalisation includes: 
-mechanisation 
-automation 
-flexible assembly 
-new production principles 
-group technology 
-new organisation principles 
-within production 
-within product development. 

z 
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Tool 
A tool link served as a pointer to a design tool or information source that addressed 
issues raised by a guideline. Actual tools were not in the guideline sets, but several 
guidelines clearly point to the use of a tool in the manner of Chapter 4. 

(D2700) As a general rule, tolerances should be obtained in the first instance in relation to 
the functioning performance desired, and then examined and perhaps altered in the light of 
production and inspection difficulties. 

J, tool (process tolerances) 
Cambridge Materials Selector - process database 

In order to relate these guideline links to the action-centred design model (Section 
3.5.2), guidelines from the Rotary Damper case study were applied to the model to 
produce an action-centred guideline model (see Appendix B, Section B.2). Actions 
recommended by the DEG and advanced composite guidelines (Section 5.3) are of 
several distinct types: 

- address another issue 
- create/delete/select/modify an object 

employ a design process 
- select a manufacturing approach or other life cycle approach. 

Then the action-centred guideline model can be represented as shown in Figure 5-3. 

context ties 

issue 

address another issue 
create/delete/selectimodify an object 
employ a design process supporting issues 
select a manufacturing approach 
~ ___ action --=:---

related 
issues 

consequence 

identifies 

collateral 
consequences 

Figure 5-3. Design Guideline Actions 

identifies 

~ 
new 
issues 

The links can then be added to the action-centred guideline model as shown in 
Figure 5-4 along with some of the guideline parts in parenthesis. Two groups of 
links are related to the guideline action. Supporting issues are those used to 
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implement the action. The other related issues are either similar guidelines or 
altemative actions. These will be of a similar level of detail whereas the supporting 
issues will often be more detailed or less abstract. 

context ties 
and clarification other related 
~ issues 

implementation (internal subjects) Sim#.lar 
definitions alternative supporting issues 
explainations 
examples ~action ~==:----
support (recommended 

action) (internal subjects, 
identified new issues) issue (issue) (predicted 

effect) consequence 

1~~::ed ~ 

related 
issues 

t collateral effects) 

collateral 
consequences 

Figure 5-4. Guideline Model with Links 

5.3 Advanced Composite Guidelines 

Guidelines about design with advanced composites were used to: 

• further refine the candidate link set 

• explore issues surrounding guideline extraction 

• explore adding new guidelines to existing sets. 

5.3.1 Guideline Extraction and Placement 

new 
issues 

Several products with cylindrical advanced composite components were studied to 
provide a source of guidelines and links differing from the sets used in Section 5.2. 
Cases were selected to provide variety of: manufacturing method; composite 
material; area of application; method of loading; and method of joining (Nowack 
and Edwards, 1996b). An additional benefit was that they covered areas that were 
not well populated in the DEG, thus offering an opportunity to explore placing new 
guidelines into the DEG. Table 5-1 lists the selected studies. 
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Table 5-1. Case Study Summary 

filament wind 

Vault pole prepreg wrap 

Industrial drive shaft filament wind 
Automotive ro shaft filament wind 
Pressure bottle filament wind 
Printing drum filament wind 
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multi-material forming, 
reinforcement 
bonded ·oint 

metal! corn osite overwra 
retrofit, adaptive design 

mechanical ro erties 

A researcher with guideline experience, but limited composite material knowledge, 
generated a guideline set using the first six studies. A second researcher with 
experience in both guideline research and advanced composites generated 
guidelines using the last four cases. The guidelines appear in Appendix C. It was 
noted that the composite expert generated more individual guidelines based on 
multiple cases whereas the non-expert generated specific guidelines from individual 
cases. 

Two basic approaches can be theorised for guideline placement. One is machine
centred and one is expert-centred. In the machine centred approach, the computer 
performs a search for guidelines in the database that are related to the guideline in 
question, perhaps through a keyword and glossary scheme. In the expert centred 
approach, the expert placing the guideline into the database identifies all the 
relevant concepts and relationships first, then looks for guidelines to match each 
identified related issue. 

The machine-centred approach relies on a thorough pre-existing database scheme to 
identify all relevant issues. This is difficult in practice since technical knowledge is 
continually expanding and some area will always be missing from, or poorly 
represented in, the database. On the other hand, the expert centred approach is not 
reliant on the completeness of the pre-existing database, but on the expert's 
knowledge. This reliance is the weak point for this approach. It is believed that 
some combination of these two extreme approaches is desirable in a guideline entry 
approach. However, the extremes provide a good theoretical idealisation. In 
particular, the machine-centred approach was simulated to some extent by a human 
performing algorithmic steps. 

The 17 guidelines and case examples from the first extraction were "placed" into the 
DEG. This was accomplished by searching for related guidelines using words in the 
guideline and then extending the search using a thesaurus (Lutz, 1994). Any DEG 
guidelines which were deemed related to the extracted guidelines were linked using 
the candidate link set (Section 5.2.2). Case examples were linked to the extracted 
guidelines with an example link. Definitions were added where needed to explain 

, -
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the context better. Tools were added via a tool link when specifically referred to in a 
guideline or when a tool addressed the issue or recommendation in the guideline. 

The basic search strategy was a straightforward use of guideline topics and effects or 
related terms in the thesaurus. Exceptions where the experimenter intervened were 
in such cases as deriving "demount" from mount, index from indices, in associating 
joint and design which are physically separated in guideline (CS), and in the variety 
of spelling" colour" and "color". The approach was not totally automated as some 
domain specific design knowledge was applied to sift through the guidelines and 
synonyms produced. 

It took about one hour to place each guideline. The thesaurus helped in some cases, 
but often it produced non-technical words of little use in expanding the search. A 
technical thesaurus or glossary would have been helpful to support this activity. 
Placement results for the 30 terms used is summarised in Table 5-2. 

In the example shown in Table 5-2, the term "mount", found in guidelines (C7) and 
(C8) was used as a search criterion and retrieved 11 guidelines from the DEG. Of 
these 11, only guideline (D1701) was seen to link to the composite guidelines. Using 
the thesaurus, "mount" led to 16 other words of which two were used, although one 
- "assemble" was used both as a root (i.e. retrieving assembly) and also as an 
isolated term. These terms retrieved 40 additional guidelines, of which only 
guideline (D2690) was used. The associated guideline average of 7.6 guidelines per 
word used was a measure of syntactic commonality between guidelines in that set. 

Table 5-2. Guideline Search Summary 

Associated Number Retrieved Additional Additional Additional Additional 
guidelines guidelines guidelines thesaurus words guidelines guidelines 

retrieved used words used found used 
generated 

(example) C7,C8 11 D1701 16 install 10 0 
Mount assembl* 20 D2690 

assemble 10 0 
Total 51 451 30 271 17 129 3 
Average 1.7/word 15 1.0 20.1 1.3 7.6/word 
Percentage 6.7 6.3 2.3 

As shown in Table 5-2, the search process was not very efficient with 6.7% of 
returned guidelines being used, 6.3% of the thesaurus words being used, and 2.3% of 
guidelines retrieved with the thesaurus words used. 

5.3.2 Link Refinement 

Identifying main links, those based on main issues or effects of related guidelines, 
Was relatively straightforward. One observation about identification of topics to 
accompany each guideline was that it was implicitly assumed both guidelines were 
acting on the same design object or feature. This was viewed as an important 
context limitation for guidelines with various possible perspectives. 
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Identifying secondary, or collateral, issues was not straightforward. A case in point 
was the potential impact that using a bonded joint (C7) may lead to alignment 
difficulty during assembly. The machine-based approach provided no logical 
connection between (C7) and (D260), a dashed line in Figure 5-5. There was 
however a logical link between (C3) and (D260). 

similar 
(mounting and 
supporting) 

similar 
(Iightwieght 
construction 

CB mountingldemounting )40-----~ C7 bonded joint ~~-I~E~X~: b~O~nd~ed~jO~in~tsJ 
why compOSites altemative 
(practicable (bonded 
disassembly) joint) 

0260 as,sembly location 

Figure 5-5. Portion of Composite Guideline Set 

The composite guideline set along with the Guidebook was demonstrated in the 
development of the layout of an aircraft In-Flight Refuelling Probe (Cambridge EDC, 
1997). It was found useful in generating alternative ideas for embodiment and no 
major difficulties were found. 

5.3.3 Analysis of the Network 

Following the extraction and organisation efforts, the guidelines were analysed for 
effects of abstraction and detail. To accomplish this, the levels of abstraction 
observed in the guideline organisation study were refined and expanded to include 
design process, manufacture, and life cycle. Levels of detail were used for the new 
domains following the earlier difficulty with levels of abstraction for organising 
design process guidelines. As five levels seemed to naturally emerge for the 
artefacts, five levels were used for the other areas. An additional level, level 0, was 
added to allow for guidance at the most general enterprise-wide level. Table 5-3 
shows the scheme used. 
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Table 5-3. Guideline Hierarchy Classification 

Domain 
Level Artefact Manufacture 

o 
1 
2 
3 
4 o eration 

5 action instance o erational ste 

The level of detail approach proved much more straight forward than the level of 
abstraction approach used for artefacts. For artefacts, in addition to the objects, 
guidelines deal with attributes or features about the objects. Such guidelines were 
associated with the level of the associated object. Each guideline was broken up into 
constituent parts: issues, subjects, actions, effects, and collateral impacts. The level 
of abstraction or detail was determined for the guidelines in the group for both 
issues and action recommendations. The results summarised in Tables 5-4 and 5-5 
show the number of guidelines in each category. 

Table 5-4. Guideline Hierarchy Results - Issue 

Domain 
Level Design process Artefact Manufacture Life cycle 

0 enterprise enterprise enterprise enterprise 
1 stage 1 project 5 project 2 phase 3 
2 activity_ object class 24 process class 9 activity 3 
3 method 1 object type 7 2rocess 2 method 
4 procedure object action operation 
5 step I instruction object instance action instance operational step 

Table 5-5. Guideline Hierarchy Results - Action 

Domain 
Level . Design process Artefact Manufacture Life cycle 

0 enterprise enterprise enterprise enterprise 
1 stage project 5 j>roject 1 phase 1 
2 activity object class 36 process class 7 activity 2 
3 method 1 object type 8 process 1 method 
4 procedure object action operation 
5 step I instruction object instance action instance operational step 

The average level for issues in Table 5-4 was 1.80 and the average level for actions in 
Table 5-5 was 2.05. This may indicate a natural design progression towards more 
concrete detail within the guidelines as issues lead to actions. 

The established links were examined to determine how they related to guideline 
elements. For each link type, the relative number of links between parts was tallied 
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for both primary and secondary links as shown in Tables 5-6 through 5-9. The 
source of the link is listed in the left-hand column and the target, or guideline part 
pointed to, is listed across the top. The first number in eacl1 cell is the number of 
primary links and the second is the number of secondary links. For example, in 
Table 5-6 the first entry indicates that two secondary Why links point from the issue 
in the source guideline (Issue 1) to the issue in the target guideline (Issue 2). 

As shown in Table 5-6, the dominant Why link relationship is issue-to-action. That 
is, the subject of the issue in guideline 1 is the same as the subject addressed in the 
action of guideline 2. Table 5-7 reveals the opposite relation, action-to-issue, for 
How links. Shown diagramatically in Figure 5-6, this is essentially an action 
recommendation leading to a lower level issue about implementation of that action 
recommendation or in the case of the Why link, the reverse direction provides 
rationale for the lower level issue. The subject-to-subject dominance in the 
secondary How and Why relationships is an indication that the two guidelines are in 
similar contextual or domain areas. The Requires link exhibits a relationship similar 
to the How. 

Table 5-6. Link Summary - Why 

Issue 2 Sub'ect 2 Action 2 Effects 2 Collateral 2 

Issue 1 I 2 I 19 I 1 I I 
Sub'ect 1 1 I 1 I 12 I I I 1 
Action 1 I I 6 I I 1 I 
Effects 1 I 2 I I 1 I I 
Collateral 1 I I 1 I 1 I I 

Table 5-7. Link Summary - How 

Issue 2 Sub'ect 2 Action 2 Effects 2 Collateral 2 

Issue 1 I 2 I I I I 
Sub'ect 1 I 1 I 10 I I I 
Action 1 18 I 1 I 6 I 6 I 2 2 I 
Effects 1 I I I 1 I I 
Collateral 1 I I I I ' I 

Guideline 1 

Action 

Guideline 2 

Subject Action 

Figure 5-6. The How and Why Relationships 



Guideline Storage 

This How-Why relationship is seen between guidelines (C5) and (D581) shown 
below with the (C5) action and (D581) issue highlighted. 

(C5) Post-assembly inspection of adhesively bonded joints is difficult, so ensure proper 
design and assembly preparation. 

J, How i Why 

99 

(D581) Principle of ideal joints. A well designed joint should approximate as closely as 
possible to the continuous form which would be adopted if no joint were needed. One way of 
looking at this principle is to imagine an ideal joint, consisting of a simple cut through an 
unbroken cylinder (or other shape) which is then stuck together again with an ideal glue as 
strong as the cut material but capable of being dissolved at will. 

The issue and subject matches in Table 5-8 and the lack of action related matches is 
an indication of the way Alternative links relate guidelines. The guidelines address 
similar issues or subjects but recommend different (that is alternative) actions. 

Table 5-8. Link Summary - Alternative 

Issue 2 Subject 2 Action 2 Effects 2 Collateral 2 

Issue 1 / 2 / 1 / / / 
Subject 1 / 4 / 2 / / / 
Action 1 1 / / 1 / / / 
Effectsl / / / / / 
Collaterall / / / / / 

The large number of diagonal entries in Table 5-9 provides insight into what is 
meant by "similar", namely matching issues, subjects, or actions. Two types of 
similarity are in evidence - similar actions and similar guidelines. Guidelines with 
similar actions may provide some creative stimulus to a designer trying to generate 
new concepts and later in Section 5.4 similar actions are shown to be important for 
identifying potential side-effects. 

Matching multiple parts between two guidelines led to the Similar Guideline link 
concept. In such a case the two guidelines would be candidates for combining, 
although retaining separate guidelines allows for communicating the same idea in 
two different ways and may aid understanding a guideline, just as good teaching 
pedagogy calls for presenting new concepts in a variety of ways. In contrast to the 
Similar link, the Impact link exhibited a lack of clear similarity. Some relationship 
exists among effects and actions but there was a notable difference between subjects. 

Table 5-9. Link Summary - Similar 

Issue 2 Subject 2 Action 2 Effects 2 Collateral 2 

Issue 1 4 / 2 / / / / 
Subject 1 / 4 / 4 / / / 
Action 1 1 / 1 / 6 / 6 / / 
Effects 1 / / / / / 
Collateral 1 / / / 1 / / 
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Computer search engines are best at identifying presence of similarity, or its 
absence, as opposed to other sorts of relationships, so the link trends identified 
above provide a possible way forward for computer support for guideline network 
construction based on similarity searching. Conclusions from the composite cases 
are summarised in Table 5-10. For example, an Alternative link connects two 
guidelines which address the same3 issue about the same subject, but recommend 
different actions. In the Requires link, the action of the source is the same as the 
issue of the receiving guideline. The impact link is the notable exception to possible 
support based on similarity searching. It may be that identifying this link will 
remain totally dependent on human expertise. 

Table 5-10. Observed Dominant Link Trends Between Composite Guidelines 

Link Type Issue Action Subject 

Alternative same different same 
Similar guideline same same same 
Similar action different same ? 
Requires* ? same as receiving issue ? 
How* ? same as receiving issue ? 
Why* same as receiving action ? ? 
Impact ? (same?) different 

*from perspective of source gUldeline ?unknown 

5.4 Link Relationship Refinement 

The links developed in Sections 5.2 and 5.3 were incorporated into the newly 
developed Cambridge Engineering Database (CED) as shown in Appendix E. This 
allowed for testing the utility of the links for guideline collection and extraction 
(Chapters 7 and 8). Several ambiguities were revealed, so a more rigorous 
understanding of the link relationships was required; not only to aid computer 
support as mentioned earlier, but also to provide clearer guidance to users. 

The starting point is noting that the action-centred design cycle from <issue> to 
<action> to <consequence> can be represented by the guideline notation, I:=}A:=}C, 
which reads that for issue I being true implies an action, A, which in turn implies a 
consequence, C. This is in reality a simplification as several elements of the actual 
action cycle are not visible, namely the context, X, the human designer as action 
agent, H, and the process of checking of the expected or actual consequence back to 
the issue. Insight into these elements can be gained by expanding on the notation 

The guideline issue is context sensitive as highlighted by Roozenburg and Eekels 
(Section 3.1.3). If the contextual conditions are met, then the issue is true and implies 
that some recommended action, Ar, is appropriately presented to the designer. This 
gives the issue equation: 

3 The concept of "same" is not strictly equal, but rather rough topical or semantic equivalence. 
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leX) => Ar 

Where X is the context such that this equation is true. Human designers or action 
agents, H, perform the actual action to produce a consequence. Both the action and 
its consequence are influenced by context. This gives the action equation. 

A(X,H) => C(X) 

A guideline may anticipate this action and its consequence by stating expected 
consequences, Ce, that can be deduced from performing the recommended action. 
This gives an expected consequence equation: 

Ar(X) => Ce(X) 

Often, however, Ce is simply assumed to be satisfaction of the issue. This is 
misleading as in general, the issue is not fully satisfied by the realised consequence. 
As pointed out by Roozenburg and Eekels, the consequence, C, is assumed to satisfy 
a subgoal of the original goal or issue. Also C will, in general, contain consequences 
not part of the original issue which are side-effects. These side-effects are important 
for design decision making as noted by Eekels (1993) and shown in Figure C-4 (a). 
Now the action equation may be written as: 

A(X,H) => Ci u Cs 

where the subgoal is Ci = C (1 I and the side effects are Cs = C (1 -1. 

A guideline which can propose expected consequences, Ce, can also break down 
into expected sub-issue satisfaction, Cie, and expected side-effects, Cse: 

Ce == Cie u Cse 

This expansion of the consequence is important for understanding impact links. 
Consider two guidelines with differing issues but the same action: 

An example of such a situation occurs with the following guidelines. 
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Action Consequence 

For reduced cost minimise the number of simpler and hence 
parts (which yields a) cheaper product 

For better reliability minimise the number of simpler and hence more 
parts (which yields a) re~iable product 

Considering the action as a mapping from I to C. The relationship between I and C 
can be viewed as intersecting sets as shown in Figure 5-6 (a) and likewise for 12 
which is separate from h. Viewed together, the consequence intersects both hand 
12 as shown in Figure 5-6 (b). In this example, C is simpler, Cse1 is the simpler 
impact other than a cheaper product and Cse2 is the simpler impact other than better 
reliability. 

(a) (b) 

Figure 5-6. Issue and Consequence Intersection 

It is important to note the basic assumption of the same consequences resulting from 
the same action. That is: 

as a result of Aq = Ar2. However in general, the component parts are not equal: 

This means that each guideline reports a different portion of Ce as being relevant to 
each of the original issues, 11 and 12 and a different portion as being a side effect. 
Also, 
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is the side effect of guideline 1 on guideline 2 which happens to equal Cie2, the 
expected sub-issue satisfaction for guideline 2. Usually a consequence Csen will 
intersect multiple other issues. 

The previous development was done with the expected consequence as contained in 
a guideline. However it also holds for actual consequences, although the equality in 
eel = Ce2 may be approximate as a designer could be expected to use personal 
knowledge to interpret and apply the recommended action, Ar (Ho It, 1997). The 
result however is still important, namely, that potential side-effects exist which can 
be identified in a guideline. 

An important context assumption is implicit in Figure C-4 (b), namely that the 
context elements in h, 12, and C can all actually exist simultaneously. A different 
sort of relationship exists when the recommended actions are the same, Arl=Ar2, but 
the contexts differ, XI;f;X2. If context one is a subset of context two, Xl CX2, as for 
example in Figure 5-7 (a), an impact relation or a why relation may exist, but if 
XlnX2=0 as in Figure 5-7 (b), then any predicted impact requires consideration of 
context beyond the motivating issues addressed in the guidelines. 

(a) (b) 

Figure 5-7. Context Relations 

Dealing in this way with side-effects reveals one type of impact relationship and 
highlights one way to identify the link, namely looking for a target guideline with 
the same action and different issues or more generally looking for commonality 
between expected consequence of guideline one, Cel, and the issue of guideline two, 
12. 

Contextual requirements for an issue are of three basic types, required presence, 
required exclusion, and non-impacting. This refers to context that must be present, 
must be absent, and does not matter respectively. Letting Yi be elements of context X 
then: 

y : yE X (required inclusion) 

y : -y E X (required exclusion) 

y : y (lO X 1\ -y (lO X (non-impacting) 
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where the complete set of y necessary for Xn is denoted *Xn and the set of-y 
necessary for Xn is -Xn so that Xn = *Xn U -Xn 

Each consequence, C, changes the local design context. A second type of impact can 
result from this context change, namely, inhibiting another issue. In this case: 

In a similar vein, Al => y:y E *X2 may indicate a necessary precondition and hence a 
Requires link. That is, action one is required to create a context necessary for 
guideline two. 

A refined explanation of link types may now be proposed based on details of the 
action model as shown in Table 5-13. This table relates relations between two 
guidelines for each link type as either being similar, different, non-consequential (*), 
or requiring other conditions. The perspective is for links from guideline one to 
guideline two. G is any part of a guideline. Table 5-15 rephrases the conclusions. 

Table 5-13. Guideline Conditions and Link Types 

Link Type X I Ar Ce Other 

Alternative Similar Similar Different Different 
Similar guideline Similar Similar Similar Similar 
Impact * Different Similar Similar 
Impact (inhibit) Different Different Different Different Cel =>y:-ye -X2 
How X2eXl Different Different Different I2=Aq 
Why Xl eX2 Different Different Different AQ=Il 
Requires Conditional Different * * (yeXl)<==AQ 
Required by Conditional Different * * Arl =>(ye X2) 
Similar action Different * Similar * 
Related issue Similar Different * * GO=>(Il,I2) 
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Table 5-14. Guideline Conditions and Link Types Explained 

Link Type Context Issues Recommended Expected Other Relations 
Actions Consequences 

Alternative similar similar different different 
Similar guideline similar similar similar similar 
Impact * different similar similar 
Impact (inhibit) different different different different expected 

consequence 1 
creates non-
executable 

context for 2 
How context2 is different different different issue2 similar to 

contained in recommended 
contextl actionl 

Why contextl is different different different recommended 
contained in action2 similar 

context2 to issuel 
Requires conditional different * * specific contextl 

requires action2 
Required by conditional different * * recommended 

actionl requires 
specific context2 

Similar action different * similar * 
Related issue similar different * * a preceding 

guideline 
implies issue 1 

and issue2 
* non-consequential 

Further codification would ease implementation and guideline rationalisation and 
further improve link identification. Approaches such as Galle's formal logic 
extensions for design rationale could be applied (Galle, 1997). 

5.5 A Guideline Organisation Scheme 

Probably the most difficult part of the scheme shown in Table 5-13 is the accounting 
for context and context assumptions in the guidelines. However, this difficult 
determination is integral to determining links. When a guideline is applied to a 
specific design instance as in Chapters 4 and 6, the context is defined. A guideline in 
a database, however, may apply to a wide variety of specific design instances which 
are its applicable context for determining links. This could be a difficult search 
problem for a large database. The problem can be eased by grouping guidelines. A 
number of topical guideline groupings are possible as described in Chapter 3. While 
testing on the DEG revealed such groupings are not ideally suited to selecting 
guidelines for use, they do offer an opportunity to assist link determination. 
Domain-based schemes are well suited to such a task as they inherently reflect 
design progression (Andreasen, 1992) and here are demonstrated as amenable to 
guideline sorting. Product data are already sorted in this manner in the layered 
domain models (Section 2.4.1.1). 
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5.5.1 Abstraction and Application 

The levels of abstraction and areas of application can be explored using the design 
for assembly guideline results (Section 5.2.1) as a starting point. A selection of DEG 
guidelines can be organised as shown in Table 5-15. The categories used are 
adequate, but in the cases of design process and life cycle issues distinguishing 
levels of application was difficult. This may have been due to the guidelines chosen, 
the inherent nature of guidelines in these areas, and the sorting scheme. 

Table 5-15. Abstraction and Application 
Feature Geometric Material Function, Design Life Cycle Produc- Defin- Summary 
Item Feature Choice Behaviour Process Issues tion itions, 
Selection Attributes Process Examples 

Entire 1 0 0 3 8 0 0 1 13(19%) 
Product 
Goals 
Classes of 4 17 1 5 6 5 6 1 45(65%) 
Features 
Feature 2 5 1 1 1 0 0 0 10(14%) 
Class 
Feature 0 0 1 0 0 0 0 0 1(2%) 
Type 
Specific 0 0 0 0 0 0 0 0 0(0%) 
Instance 
Totals 7(10%) 22(32%) 3(4%) 9(13%) 15(22%) 5(7%) 6(9%) 2(3%) 69(100%) 

Organising in this manner on the main topic seemed a viable means of grouping 
guidelines. However the fact that so many guidelines were about Classes of 
Features indicated that further development was required. 

5.5.2 Domains 

Each domain may be addressed at various levels of resolution or application as well 
as at different levels of concreteness or abstraction. In general, progression through 
the artefact domains from goal to construction increases design concreteness. 
However within each domain there can be a wide variety of concreteness addressed. 
Levels of resolution are broken out for each domain as shown in Tables 5-16, 5-17 
and 5-18 below. General guidelines and information are assigned to levell. If 
multiple levels are present in a guideline, the higher level is assigned. 

Table 5-16. Artefact Domains 

Goal Function Working Construction 

0 enterprise enterprise enterprise ent~rise 

1 product/ project product/project product/project product/ project 
2 systems function structure layout product structure 
3 elements functions devices component 
4 feature 
5 parameter 
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Table 5-17. Life Cycle Domains 

Manufacture Operation Disposal 

0 enterprise enterprise enterprise 
1 plant activities activities 
2 production line operating sequence operating sequence 
3 process operations operations 
4 operation 
5 operation step operation step operation step 

Table 5-18. Design Process Domain 

Design Process 

0 management strategy 
1 management tactics 
2 management operations 
3 project strategy 
4 project tactics 
5 project operations 

5.6 Chapter Summary 

A means of using links based on the action-centred design model has been developed to 
facilitate guideline storage. 

Placing new guidelines into a set using keyword searching was shown to be difficult 
but amenable to computer support. A scheme of inter-guideline links provides a 
means of relating guidelines in a set as an alternative or supplement to topical 
indexing. The links were related to parts of the action-centred guideline model 
which provides a basis for computer-assisted identification of related guidelines as 
well as providing inherent support for design progression. Providing automated 
support requires a means of accounting for context. 

In the case of collateral impacts, which play an important role in decision making, 
expert knowledge is necessary to identify these impacts as these are not readily 
identified by similarity identification methods (Section 5.3.3). The area of collecting 
knowledge from experts in the form of guidelines and links is taken up in Chapter 7. 
If links can be successfully elicited from experts, it provides a pragmatic means of 
checking a guideline database for completeness. If a guideline and associated links 
can be elicited independently of other guidelines in the database, the presence or 
absence of guidelines at the other end of the links is a measure of completeness. 
That is, any link which is "open", or lacks a second guideline to connect to, 
represents a missing guideline. 
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6 Guideline Mapping 

Collecting guidelines from an expert or an expert's writings is an indirect means of 
understanding what the expert does. Actually observing what an expert is doing is 
known to give different perspectives on expert behaviour (Bessant, 1979). The vast 
majority of previous design guideline work is fundamentally indirect. Mostly, it is a 
collection of guidelines believed to be useful. No claim is given about the 
completeness of these collections for covering a given design taskl, much less the 
whole spectrum of design activities required to develop a product completely. This 
is the coverage problem that must be addressed by any guideline support tool. 

The goals of this chapter are to: 

• map a design task to guidelines 

• measure the coverage of a guideline set against a selected design task 

• identify guidelines and links missing from a set. 

To achieve these goals a verbal protocol was analysed to provide direct and detailed 
observation of a designer at work. The protocol was mapped to a guideline set to 
measure task coverage; to identify missing elements in the guideline set; and to 
provide insight into gt!ideline selection support. 

6.1 Mechanical Design Protocol Study 

Verbal protocol studies have been identified as a useful source of data for 
engineering design research (Dwarakanath et al., 1996) and design for 
manufacturability research (Poli et al., 1992). In these studies, the subject is asked to 
verbalise all thoughts during the course of working. This verbal record is then 
analysed, supplemented by visual records and any outputs resulting from the task. 
The value of verbal protocols is that they give detailed insight into how a designer 
executes the design process. The drawback is that talking out loud interrupts the 
natural cognitive processes to some extent, although this effect is assumed to be 
small. 

While the verbal and written data from a protocol provides insight into a designer's 
actions, it does not provide total observability. In other words, the subject has 
mental processes going on that are not directly observable. Data analysis has to 
account for this and "missing" elements may have to be inferred and reconstructed. 

1 Handbooks and procedures for established design activities or artefacts sometimes claim 
completeness and these often have guideline information included. 
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6.1.1 Description of the Task and Data 

The protocol data used in this study was collected by Blessing in the Cambrdige 
Engineering Design Centre (EDC) (Blessing, 1994). The design study consisted of a 
single individual designing a wall mount for an optical device. A task can be found 
in Blessing and a slightly modified version is given in Appendix G. Dwarakanath 
used the data for research into decision making (Dwarakanath, 1996). Data 
consisted of the verbal data transcribed and segmented by Dwarakanath. 
Additional data was the designer's written output and a video record. 

6.1.2 Data Preparation and Analysis 

As is usual with protocol data analysis, a great deal of effort was required to develop 
a coding scheme that describes the observed data. This was an iterative process and 
proceeded along with refinement in data resectioning. For this research each data 
section, or event, was defined to be any verbal indication that there was: 

- a change in the design space 
- a supporting information retrieval effort 
- a planning activity 
- an attempt to navigate through the design space. 

Additionally, pauses of greater than 10 seconds were recorded as separate events in 
keeping with Dwarakanath's view that mental processes are likely going on without 
being verbalised. This produced 1010 events for the 1 hr 58 min transcript. 

Data was coded and analysed in three stages as shown in Figure 6-1. In the first 
stage, events were coded in detail in order to maximise data coverage and highlight 
decisions. In the second, data was recorded and grouped using the action-centred 
model. Finally, the coded data was mapped to guidelines in the CED. 

I 
Detail 

Coding 

11 
Action-Centred 

Coding 

III 
Mapping 

(raw) data 

resectioned data 

full-coverage action classification 

domain determination 

tactics identification . 

[

action model element coding 

cycle grouping 

cycle linking 

[

mapping to guidelines 

guideline set analysis 

Figure 6-1. Data Summary 
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6.2 Detailed Event Coding and Analysis 

The division into product and design process used in Chapter 4 provided the basis 
for a detailed coding scheme. Event categories were developed based on a simple 
decision model refined from Chapter 4. Event categories were assigned to pieces of 
the protocol. Categories were refined to minimise the number of "other" events. 
Basic event areas are shown in Table 6-1 and detailed categories in Appendix D. 

Table 6-1. Detailed Event Categories 

Event Group Basic Event Area Number Percentage of Percentage of 
Addressed Observed Group Total Total Actions 

d design object di design object issue 147 22 15 
dp object proposal 420 62 42 
dq consequence 72 11 7 
dt situation 4 1 0 
dr address rationale 33 5 3 
total 676 100 67 

p design process pi process issue 13 6 1 
pp process plan 26 12 3 
pqconsequenceof~lan 14 6 1 
pe address activity 77 35 8 
pa consequence of activity 10 4 1 
pt process situation 62 28 6 
pr activity rationale 21 9 2 
total 223 100 22 

o other total 111 100 11 

Dwarakanath observed that it was difficult to identify "selection processes" in a 
verbal protocol as these were often not explicitly expressed (Dwarakanath, 1996). 
Consequently in this work, all references to a design object were treated as 
proposals, with the few clearly identified selections dealt with as a sub-area of 
proposals. 

The division between dealing with aspects of the design artefact and the design 
process was readily observed in the protocol. However, the design process activities 
were further found to be of two types. The first dealt with the current design 
activities (pe and pa) and the second dealt with future activities, or plans (pp and 
pq). For example, the designer used a continual string of design process activities to 
create the design, with drawing being the most visible activity. The design 
draWings, notes, and bill of materials themselves were part of the design. Dealing 
with the mechanics of producing the written record was a current design process 
activity while deciding that a view would be done later was a planning activity. 

Conversely, the motivation, or rationale, driving the process issues was not seen to 
split clearly into current and future categories. Process issues were found to drive 
both current activities and future plans and were therefore not separated. Similarly, 
in addressing the design process situation (pt), both past and current activities, 
typically led to a (current) issue. 
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6.2.1 Detailed Event Results 

Objects were addressed much more frequently than issues or rationale. This 
suggests that the protocol provides more of a commentary on the design as opposed 
to an explanation of the designer's actions. However, this count was affected by the 
verbosity of the subject on a given topic, that is, addressing an object several times 
did not necessarily reflect a lack of addressing rationale. Some way of normalising 
was thus required (see Section 6.4). 

Understanding reasoning processes and causal chains at this detailed level was 
difficult owing to data order variations and incompleteness. The temporal order of 
the verbal data did not necessarily reflect causal order. For example, in the 
following extract 27 minutes into the protocol, the stated rationale followed the 
proposed action. This did not necessarily indicate that the "thread ... through" was 
proposed and then followed by a critique which produced the motivating rationale 
of "what I always was taught". The subject could just as well have had the rationale 
in mind earlier than the point when it was verbally expressed. A data analysis 
approach was needed to accommodate such order ambiguities. 

Time 
0:27:47 
0:27:48 
0:27:50 
0:27:53 
0:28:00 

Desi er Comments 
if this is to be screwed in 
then that ought to be a bigger diameter 
the thread can go all the way through then 
which is what I always was taught to do 
so that in there is a rawl plug 

6.2.2 Event Domains 

Inferred Desi er Actions 

form proposal 
motivating guidance 

The primary domain of each event was determined, except for non-specific drawing 
and "other" events, using the scheme of Chapter 5. The results in Table 6-2 show the 
predominance of the constructional and design process domains. Figure 6-2 shows 
the temporal distribution. The centrality of the constructional domain throughout 
the process is evident. As expected, the goal, function and working domains are 
addressed primarily early in the design process. Manufacturing is considered quite 
early and appears in groups that correspond to embodying candidate concepts. 

Table 6-2. Domains 

Total Total Level 
Domain count % 0 1 2 3 4 5 

Jioal 36 4 18 5 13 
function 3 0 1 2 
working 30 3 5 9 16 
construction 475 54 80 102 157 82 54 
realisation 51 6 9 15 23 4 
~eration 29 3 16 4 9 
di~Eosal 0 0 
design process 258 29 2 52 111 93 
total 882 100 0 129 137 272 197 147 

(0%) (15%) (15%) (31%) (22%) (17%) 
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Design Process 

Operation 

Manufacture 

Construction 

Working 

Funct ion 

Goal 

0:00 0:30 1 :00 1 :30 2:00 

Time (hr:min) 

Figure 6-2. Domains 

The construction, manufacture, and design process domains are expanded in 
Figure 6-3: This shows that this early consideration of manufacture dealt mostly 
with general considerations with only a few detailed (levelS) considerations. 

Design 
5 Process 

........ - . .. .. - ... • • -- . • •• •• - .. • ... .... -- I-. :: :.-:::.-•• • • -:: --:" .. : • • • -• • • • ••• •• .. 
• 

0 

Manufacture 5 -- • • •• • - .. . • • • • • • • • • • • • • • • • .. 
0 • •• • 

Construction 5 • • • • • • • • • • • • --• ---- ..... _ .... ~ ••• •• • • • • --- . ......... .. ._ ..... • ----
0 

--- . . . .... ~ --_ .. -- .. • • •• ..... .. ~- - .. . ...... .. . - • • • • 

0:00 0:30 1:00 1 :30 2:00 

Time (hr:min) 

Figure 6-3. Expanded Domains 
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6.2.3 Observed Design Tactics 

In order to map the entire design process to guidelines, an aggregation approach 
was applied based on the action-centred model. This overcame problems with order 
and incompleteness. A number of aggregate events, or design tactics, were visible in 
the data. For example, generalising was observed as can be seen in the extract from 
23 minutes into the protocol. 

Time 
0:23:36 
0:23:37 
0:23:38 
0:23:40 
0:23:41 

Desi er Comments 
and is located and is held, 
again with a hex head 
or an allen head 
or a rivet 
or something 

Inferred Desi er Actions 
issue 
proposal 
alternative proposal 
alternative proposal 
generalising 

Activities were identified by examining the characteristic action groupings. 
However, this was difficult owing to the order ambiguities and the incomplete 
observability provided by the protocol. More reliably, tactics were noted when 
explicitly referenced by the subject, but again this was limited to what could be 
observed. More strategic manipulations were most easily identified when explicitly 
mentioned such as in the following section at 15 minutes. It was difficult to get the 
strategic picture from the fragmented details available. Observed activities are 
summarised in Table 6-3 with further examples provided in Appendix D. 

Time Desi er Comments 
0:15:11 so this was version one 
0:15:12 (writing) 
0:15:13 try to satisfy everything 
0:15:15 and I think version two 
0:15:18 well now I use a second piece of paper 
0:15:35 version two then I would say I can 
0:15:36 now make the ball bigger 

Table 6-3. Tactics Summary 

Description 

assessing local design context 
checking satisfactory issue fulfilment 
using examples and analogies 

..E!anning 
validating an issue or action 
delaying 
impact search 
inpact assessment 
using a guideline 
~eneralising 

identify conflict 
assessing (general) 
identify causality 

Inferred Desi er Actions 
identify design as completed 
document design 
goal for next design 
identify next design 
required means for next design 
repeat identification 
goal for next design 
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6.3 Action-Centred Coding and Analysis 

This analysis stage consisted of coding the data in terms of the action-centred model. 
The detailed codes were translated to provide a starting point (see Appendix D for 
translation). These were then checked and adjusted as required resulting in the 
coding summary in Table 6-42. Next, events were grouped into issue-action
consequence cycles as shown in the three excerpts below. Finally, various cycles 
were connected where it was possible to identify logical connections resulting in 
links between cycles. 

Time 
0:33:12 

0:33:13 
0:33:24 

Time 
0:35:55 
0:35:56 

0:35:59 

Time 
1:36:54 
1:36:58 

Desi er Comments 
so this metal body will in fact consist of 
something cut back 
to provide relief so that the 
the 15 degrees at either side of the centre line 
in the alpha direction is taken care of 

Desi er Comments 
I need to keep these two views together 
because I have to keep those six inches 
under control 
that is the major constraint 

Desi er Comments 
put this line at some odd angle 
otherwise somebody will bolt something to 
it I expect 

Inferred Action Model Elements 
consequence of previous actions 

rationale 
motivating issue 

Inferred Action Model Elements 
proposed design action 
motivating issue 

motivating rationale 

Inferred Action Model Elements 
action 
rationale 

Table 6-4. Action-Centred Model Coded Event Summary 

Codes Description Number Percentage* 

i issue 140 17 
a action 82 10 
0 object 256 31 
ra rationale 25 3 
re recommendation 34 4 
pc produce cons~quence 3 0 
c consequence 175 21 
ex example 24 3 
x context 78 9 
f checking fulfilment 8 1 

*out of 825 events 

The issue to action transition, denoted "motivates" in the model developed in 
Chapter 3, did not explicitly show up in this classification scheme but was included 
in rationale (ra). Local assessment (f) was difficult to distinguish as it was often 
implied. When in doubt, it was coded as a consequence (c). 

2 The supplied design task issues and "other" elements from the detailed analysis were omitted from 
this coding phase. 
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Grouping the model elements into issue-action-consequence cycles produced 507 
cycles. Few cycles were entirely complete with explicit issue, action, consequence, 
subject (object), context, and rationale. For comparison, using the detailed (di) and 
(pi) categories there were only 84 issue-action-consequence cycles identified 
(Appendix D). 

Groups were linked based on identifiable rationale for how the current cycle was 
arrived at based on previous cycles. These links were based on the action-centred 
guideline model as summarised in Table 6-5. Three additional links were found 
necessary to represent the designer's actions. 

The designer would occasionally return to a previously addressed issue. The Repeat 
link was added to accommodate this. 

The relationship between design objects and design processes observed in Chapter 4 
was again evident. While a link between these areas was implicit in the action
centred model, it was explicitly seen as a reason for connections between protocol 
design cycles. This was referred to as the Design Process link. 

An Assessment link was also introduced. Assessment, that is comparing or 
evaluating proposed design objects against criteria, was observed to be an integral 
part of the design process. There appeared to be two roles for assessment in the 
protocol. In one the evaluation criteria are known, such as checking fulfilment when 
the consequence is compared to the original issue or checking the validity of an issue 
against previous issues. 

The second assessment role was more open-ended. An object proposal was used for 
a search for relevant issues or criteria. This appeared to include the idea of collateral 
impacts which also appeared to include checking for impacts to previous issues. 
Yao and Johnson (1994) highlighted that such searching for problems was essential 
for avoiding design failures and may be motivated by an explicit desire to avoid 
failure (Petroski, 1989) or confirm decisions (Powell, 1987). 

The totality of assessments was rarely observable, rather the result of an assessment 
was more likely observable as in the excerpt below at 6 minutes into the protocol. 

Time 
0:06:45 

Desi er Comments 
The swivel axis and colU1IU1 axis should 
intersect in one point at the lower end of the 
colU1IU1 .. . 

0:06:47 this is no problem 

Inferred Action-Centred Model Elements 
given design requirement or issue 

consequence of assessment of requirement 

When the link type was not clear, it was coded as a "New" link in keeping with the 
model development in Chapter 3. There it was assumed that some unpredictability 
exists in determining which new issues will arise from previous consequences. 
However, this protocol was a detailed retrospective look at an accomplished design 
task and, as such, links should have been entirely visible. Hence, the New links 
represent information not captured in the protocol or subsequent analysis, 
Surprisingly 49% of all links. 
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Table 6-5. Cycle Link Code Summary 

Codes Description Number Percentage 

w Why 11 2 

h How 53 10 

r Related 16 3 
it Tool 1 0 
ie Example 20 4 
id Definition 1 0 
rq Requires 5 1 
al Alternative 36 7 
s Similar 2 0 
n New 271 49 
rp Repeat 36 7 
dp Design process 52 9 
as Assessment 14 3 
im Impact 32 6 

Total 550 

The domain approach developed in Section 5.5 incorporated six levels of detail. 
However, it was found that levels of abstraction also varied throughout the protocol 
and this was reflected in corresponding guidelines. Levels of abstraction are relative 
to the perspective taken, but the rough abstraction classification shown in Table 6-6 
was found to be workable. For example, if the perspective was about "material", 5 
would be all materials, 3 might be steels, and 1 a specific alloy. It was noted that 
Andreasen uses both comprehensiveness (detail) and abstraction in his domain 
theory (Andreasen, 1992). 

Table 6-6. Abstraction Levels for Coded Events 

Level Number 

5- general 9 
4 110 
3 - neutral 339 
2 253 
1 - specific to situation 97 

The event abstraction levels are plotted against elapsed design time in Figure 6-4. 
The highest concentrations of level 1 actions occurred at the beginning with specific 
requirements and at the end during detailing. The most abstract, or levelS, was 
quite infrequent and often occurred with respect to the designer explicitly applying 
general design guidance such as guidelines. 

Design cycle-based coding proved to be an efective means of compensating for data 
missing from the protocol. Additionally, for half of the cycles, rationale relating to 
design progression (links between cycles) was recovered . . 
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Figure 6-4. Action Abstraction Levels 

6.4 Mapping to Guidelines 

A guideline matching each of the identified and coded protocol cycles from Section 
6.3 was sought among guidelines in the CED. When a mapping was not possible, the 
reason was noted. Secondary, or related, guidelines were also linked to those 
primary guidelines directly mapped to the protocoL This resulted in guidelines and 
links matching parts of the protocol and in identification of missing elements in the 
CED. 

6.4.1 Requirements for Mapping 

To successfully map the guideline to a cycle, the various parts need to match. At the 
most basic level, the issue, action, consequence, and subject of the guideline and 
protocol cycle need to match as shown in Figure 6-5. Mapping a design guideline to 
an existent design action was viewed as an instantiation process. Consequently, the 
guideline will tend to be more general, or shallower, than the design instance. This 
is the same as the case of an example serving to illustrate a guideline in which case 
the example is a specific instance of the guideline. 

A result of the mapping relationship was that the design object itself was often only 
a secondary requirement for mapping in the sense that a guideline may apply to a 
class of objects as opposed to the specific object (context) the designer was dealing 
with. Difficulties arose with mapping when this was all that the protocol provided 
and the issue, action, consequence, and rationale were not evident. Such was the 
case for 132 (48%) of the 270 cycles too fragmented to map in Section 6.4.2. It was 
also noteworthy given that the earlier DEG relied on explicit guideline searching, 
often using the subject. It is important to be able to generalise the specific protocol 
cycle parts to be able to match parts of the guideline cycle. 
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Guideline ( issue action consequence subject ) 

Mapping 

Designer 
Actions 
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" context 

consequence 

fulfils? 

Figure 6-5. Guideline Instantiation 

Whereas in Chapter 4 assumptions were made about actual design activities and 
rationale to fill missing data, the current mapping minimised assumptions. Where 
assumptions were explicitly made, they were noted (see Table 6-7). To cope with 
both limited observability and minimising researcher assumptions, the overlapping 
of issue-action-consequence cycles was exploited. For example, the four actions 
from minute 11 below cover elements of three cycles. This sort of overlapping could 
also be used to improve guideline searching, if a continuous <design process> to 
<guideline> mapping could be sustained. 

Time 
0:11:02 

0:11:04 

0:11:08 
0:11:16 

Designer Comments 
is that you are not going to be able to 
exert much torque by a friction ... 
so either the friction has got to be very 
high 
or perhaps the ball could be serrated 
and I think that we would need then to 
split this piece 

6.4.2 Primary Mapping 

Cycle 1 
assessment 
consequence 

Inferred Model Elements 
Cycle 2 Cycle 3 
issue 

proposal 

proposal issue 
proposal 

A total of 76 cycle-to-guideline mappings were made using 62 different guidelines. 
In 44 of the mappings, the guidelines were used as found in the CED (see Table 6-7). 
In five cases, slight additions to the guideline text were required to provide a good 
mapping. In a further six instances, a good guideline match was found, but only 
after a difficult search. A subject term was therefore added to improve the ability to 
find the guideline in the future3. In six cases a guideline was found that matched the 
cycle except that the recommended action was opposite to the course of action 
actually taken (see Section 6.4.4). When rationale was not explicit but likely intent 
was clear from the context, a mapping was attempted but the use of an assumption 
was noted. 

3 Such search problems are expected when using a specific instance to search for a general case. 
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Table 6-7. Cycle to Guideline Mappings 

Number 

state 44 
5 

6* 

I-
o 6 

*one guideline had both subject modified and assumptions made 

Some cycles had multiple guidelines mapped to them as shown in Table 6-8. Cases 
of one cycle mapping to two guidelines were a result of some guidelines raising an 
Issue and a second guideline proposing an action based on that issue. Figure 6-6 
Illustrates the situation which was seen in the excerpt from 22 minutes below. 

Time Desi er Comments -
0:22:51 I can't contain thoughts like this in 

my head 

0:23:00 so I need to sketch something down 
... something 

Table 6-8. Cycle Mapping Summary 

Ma ed Guidelines 
(1531) Don't try to do it all in your head. You cold blow 
afuse. 

.tHow 
(3587) Sketches are useful for design development. Thetj 
provide an information rich means of holding and 
recording design ideas. 

Number 

ideline 66 
4 
3 

unma 438 

Protocol Cycle 

[ Issue -----------l~. Action -------:~. Consequence J 

Guideline 1 

Issue 1 -----.Action 
(issue 2) 

Link -----. 

, , , , , , 
Guideline 2 ' 

Issue 2 -----. Action -----. Consequence 

Figure 6-6. Mapping One Cycle to Two Guidelines 
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An additional 137 cycles were complete enough to be mapped to a guideline but a 
suitable guideline was not found in the CED as shown in Table 6-9. Only mappings 
to primary guidelines were tabulated in Table 6-9. A further 270 cycles were missing 
elements required for mapping and thus remain unmapped. Twenty-three cycles 
were deemed specific to the task and not relevant for mapping to a general 
guideline. Guidelines for such cycles would be of very low abstraction. From 
another perspective, the heuristic decisions were already made and so these might 
be considered instructions under the definitions of Chapter 3. The final 12 cycles 
were based on rationale specific to the designer. 

Table 6-9. Unmapped Cycles 

Reason for Urunapped Cycle Number Percentage* 

missing from database 137t 28 
too fragmented to determine 270 54 
too problem specific 23 5 
a personal guideline 12 2 

*of the 507 total cycles tmcludes three multi-mapped cycles 

A rough measure of database coverage for this task was obtained by considering 
four groups of mappings: 

- complete cycles successfully mapped 70 
- complete cycles unsuccessfully mapped 137 
- fragmented cycles 270 
- specific and personal cycles 35. 

It appeared that the subject was trying to explain major decisions, so the group of 
fragmented cycles were considered to be primarily composed of minor decisions 
and, along with specific cycles, were therefore not included in the coverage estimate. 
The coverage estimate then became (70/210) = 33% which with the discarding of 
fragmented cycles represents an upper bound. 

A related measure was the potential rate of guideline use. Averaged over the 
protocol, the subject had (511 cycles/117.8 minutes) = 4.3 cycles/minute which was 
considered a high number if a designer is expected to have to search for guidelines. 
Even when only the lower number of 210 major cycles used above was considered, 
the rate was 1.8 cycles/minute. This high rate of progression through cycles 
represents a computational requirement for following design progress in a 
workbench environment. 

6.4.3 Secondary Guidelines and Links 

In the process of searching for primary guidelines, secondary guidelines were often 
encountered that related to the cycle by one of the link types developed in Chapters 
4 and 5. These secondary guidelines were recorded along with the relevant link 
type. These secondary links would thus relate to at least one aspect of the protocol 
cycle but not the entire cycle. An interesting consequence of this was that a 
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secondary guideline could sometimes be found even when the primary cycle was 
too fragmented for mapping to a primary guideline as seen in Table 6-10. Also, 
since multiple secondary guidelines can be related to a single primary guideline 
through various links, the likelihood of finding secondary guidelines was higher 
than for the primary guidelines. Additionally, Why links connect to more general 
guidelines and in a set such as the CED known to be populated with general design 
guidelines of a fairly high level, a large number of secondary guidelines and Why 
links was not surprising. No exhaustive search was performed to attempt to find all 
possible secondary guidelines in the CED. 

Table 6-10. Comparative Guideline Usage 

Primary Secondary 
Guidelines Guidelines 

guidelines used one time 57 (86%) 65 (66%) 
guidelines used two times 9 (14%) 25 (25%) 
guidelines used three times 0 7(7%) 
guidelines used four times 0 0 
guidelines used five times 0 1 (1%) 
guidelines used six times 0 0 
guidelines used seven times 0 1 (1%) 
total guidelines used 66 99 

Secondary links used in the mapping exercise are recorded in Table 6-11. In three 
cases, the links between guidelines already existed in the CED. In 47 cases, they 
were added and in 115 cases the links were proposed to connect with missing 
primary guidelines, should they be added at a later time. Of particular interest were 
the links between cycles as they capture possible avenues for design advancement. 
Also, in the course of collecting secondary guidelines, links between secondary 
guidelines were found. 

Table 6-11. Guideline Link Mapping Summary 

Relationshi t:J to Cycles Relationship to Guideline Type 
All Links Between In Same Primary to Secondary to Primary to 

Cycles Cycle Primary Secondary Secondary 

links existing 3 0 3 1 0 2 
links new 47 11 36 5 10 33 
links proposed 113 1 112 1 0 112 
total 163 12 151 7 10 147 

The link types used are summarised in Table 6-12. It was not surprising that no 
New, Repeat, or Assessment links are evident as these activities were not integral to 
the guideline model. The Repeat links in the cycles did, however, help with 
mapping by completing otherwise fragmented guidelines. A possible future use 
was envisioned, namely a repeated guideline may be a means to identify issue 
recurrence in a workbench design environment. 
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Table 6-12. Guideline Mapping Link Summary 

Description Number 

Why 104 

How 5 
Related 12 
Tool information link 0 
Example information link 0 
Definition information link 1 
Requires 5 
Alternative 5 
Similar 16 
New 0 
Repeat 0 
Design. processes 0 
Assessment 0 
Impact 15 
Total 162 

6.4.4 Rationale 

Sometimes, no immediately obvious rationale was given, as in the statement below 
at 17 minutes into the protocol. The protocol dealt more with what was designed 
and not why it was designed, so it was more of a narrative than an account of 
rationale. 

Time Inferred Desi er Actions 
0:17:30 stating a goal or issue 

Such a statement could have been mapped to the CED guidelines without explicit 
rationale, such as those about general good practice. As for mapping, however, it 
was problematic because if a rationale was not stated, it could not be assumed that 
the subject's rationale was general good practice. 

Even in cases of missing rationale, secondary guidelines could be found to fit what 
was known about the situation. This identified a possible means of improving 
rationale capture during design. A designer could be prompted with guidelines that 
fit what is known of the situation to see if they match what is being done. In the 
event of a match, the guideline could be attached to the design object for ready
made rationale capture. If it doesn't match, it provides an opportunity to modify the 
guideline and presumably improve its utility, or if need be, create a new guideline 
and associated links thereby improving the guideline database. 

Mapping an entire design process to guidelines (context sensitive heuristics) was 
expected to reveal contextual reasoning processes and, potentially, advice 
considered but rejected on contextual grounds. Fifteen cycles contained explicit 
consideration and rejection of a proposed action. The cycle subject areas are shown 
in Table 6-13. Five of the cycles were mapped to guidelines. In three cases, specific 
details on why the recommendation was rejected were evident. 
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Table 6-13. Rejected Recommendations 

Subject Area Number in Area Number Mapped Rejection Rationale 

drawing 5 0 1 
proportions and appearance 3 2 0 
component interfaces 2 1 1 
sizes 2 1 0 
manufacturing 2 0 1 
material choice 1 1 0 
total 15 5 3 

The instance below at the 1 hour 18 minute point was mapped to one primary and 
one secondary guideline to represent the reasoning process. The primary guideline 
provides a general case of a designer's experience. It could be easily modified as 
noted in the parenthetical expression to better fit the protocol by providing the issue 
or consequence. 

Time 
1:17:59 
1:18:04 

1:18:21 
1:18:23 

Desi er Comments 
gosh it looks like a 
suppose I was brought up on pressed tools 
heavy, ugly, overly solid 
never mind 
such are the limitations of experience, 
... experience helps but experience also limits 

Inferred Action Model Elements 
assessed design appearance 
called on personal example 

decided not a problem 
noted recommendation acted on 

(2943) Usually in a designer's experience there exist materials with which he has worked; the 
parts produced from them have been successful; he is familiar with their processing 
peculiarities; and consequently he is inclined to choose one of them. (This can help develop 
good designs but can also limit solutions) 

The secondary guideline simply provides a list of negative appearance issues which 
includes the "heavy, ugly, overly solid" ideas brought up by the designer. 

(1188) Does it look fat, bulky, ill proportioned, sloppy, awkward, ungainly, heavy, flimsy, 
crude, rough, or make-shift? Then do something about it. 

A total of three primary guidelines and two secondary guidelines were found that 
appear to make recommendations opposite to what the designer actually did. One 
secondary was (1188) mentioned above. 

A similar example of reasoning, only about a design process issue, was seen in the 
11th minute as shown below. 

Time Desi er Comments 
0:11:39 I am drawing in section and in view 
0:11:40 that is not very good 
0:11:42 never mind 

Inferred Action Model Elements 
assessment design situation 
implied recommendation not to do this 
chose to reject recommendation 
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A reasoning example, cycle 931, which occurred at 1 hour and 43 minutes was 
sketched out as shown in Figure 6-7 to illustrate consideration and rejection of an 
alternative. The subject was addressing a clamp thread in cycle 927 and in cycle 930 
briefly addressed the design process. Cycle 930 was a fragment so it was not certain 
what was motivating this design process assessment, but it could have been 
something such as (239) or (1717) dealing with function. 

Guideline (1717) could be implemented by a guideline such as (2391) connected by a 
How link. Guideline (2391) can be implemented by (12) which maps to cycle 931, 
the links providing a path mirroring the design process. Some assumption had to be 
made with the statement "it is not worth putting an insert in it" since it is not clear if 
the worth in question is cost or design effort or something else. 

Protocol 

I"- .•• mild steel 
C\J 
0) 

~ because this is the thread 
i:)' going into it 

design process t 
g so yes I have thought 
0) 
Ql about one particular 
~ function of the thing there 

.,.... 

and I am concerned about 
that thread 

et) 
0) if it is going to keep on 
..!!1 being opened and closed 
~ 

it is not worth putting an 
insert in it, I don't believe 

alternative I 
~ I so let's make the whole 
..!!1 thing of mild steel 
~ 
u consequence 

and hope somebody can 
~ lift it 
0) 

Ql 

U 
i:)' because it will be heavy 

Primary 
Guidelines 

related 

~ 
unknown why ~ 

Secondary 
Guidelines 

239: good products, 
trouble free function 

1717: lightweight design, 
understanding functions 

how t 
2391: functional design 
questions 

similar 3259: threaded holes in 
~ plastic moulding, inserts 

12: separate component 
requirements ~ 

alternative 

1579: economic design, 
minimum number of parts 

;mpac'J 
1088: reduced weight 
nonferrous, thread inserts 

~3a~~~i~:ar resista\t /' 

impact, / required by 

1099: reduced weight steel 

aluminIum impact 
parts: t.itanium or J 

489: reliable 
2034: user limitations, --..... ·systems, human 

why areas capabilty 

Figure 6-7. Mapping Example 
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Cycle 934 maps to (2347) which suggests an alternative solution to using an insert, 
that is using wear resistant materials. The actual design process was then captured 
with an Alternative link. 

The designer next notes an impact of following the alternative course of action, 
namely that the object will be heavy. It was noted that the context extraction about 
steel being heavy was supported by guideline (1099) if it is used in reverse, or, in a 
sense, rejected. In other words, the essential knowledge used in the protocol is also 
in the guideline, but structured differently. 

(1099) Steels to titanium or aluminium (jor reduced weight). 

A series of secondary links also follow the design path: (12) to (1088) to (1099). 

The final impact on the user of a heavy part is captured in (2034). This impact link is 
significant in that it connects a guideline from the construction domain with one 
dealing with an issue in the operation domain. The issues in supporting design for 
human factors are similar to design for manufacture and a preliminary look at 
ergonomic support shows the methods also apply well there (Nowack et al., 1997). 

6.5 Guideline Mapping Conclusions 

The action-centred model proved useful for mapping a design process to a guideline set. 

Issue-action-consequence design cycles provide a means of reconstructing design 
progression and reasoning even when the design record is incomplete. The design 
cycles provide a means to directly map to guidelines. Links between cycles provide 
a means of identifying links missing from the guideline database. Cycles overlap 
and repeat, something that can be exploited to enhance guideline selection if design
to-guideline mapping continuity can be maintained. 

The large number of design cycles missing rationale highlighted that rationale needs 
to be elicited from the designer. Simply relying on voluntary contributions from the 
designer will provide a commentary of what was done, but not necessarily why it 
was done. Partially matching several guidelines to a fragmented design cycle may 
be a means of drawing out rationale. Likewise, attaching a fully matching guideline 
to a portion of the design is a potentially convenient means of recording rationale. 
This has the additional benefit that the attached design can then be used as an 
example for future users of the guideline. 

The CED guideline set covered 33% of the major design cycles and 14% of all cycles in the 
subject protocol. 

The potential rate of guideline usage is high. Even when only considering major 
cycles, it is 1.8 guidelines per minute. This is a rapid rate if designers searched for a 
guideline for each cycle. Automated guideline selection support would be useful to 
overcome this rate problem. 



Guideline Mapping 126 

It was shown possible to emprove existing guidelines both by adding subject terms 
to improve retrievability and by modifying the guideline to extend its applicability. 

The mapping process identified missing guidelines and their links to the existing set. 

137 design cycles (27% of the total) were complete enough to allow mapping to a 
guideline but a matching guideline did not exist in the CED database. However, 
even though the guideline was missing, links between the theorised guideline and 
existing guidelines in the database were found. 112 such links were identified. 

The study additionally revealed that assessment was a key design activity that can 
be supported by a guideline database. However to do so requires effective 
identification of collateral impacts and highlights the importance of the Impact link. 

An important limitation for the method is context accountability. It was difficult, 
even in a retrospective approach, to always accurately determine the design context. 
It is expected to be even more difficult in a real-time application. There exists a need 
for accurate searching and generalising mechanisms to account for the design being 
a specific instance covered by a general guideline when mapping a design to 
guidelines. 

Manufacturing tended to be explicitly addressed as part of early concept 
embodiment or layout. Manufacturing considerations tended to be of a general 
nature and are thus amenable to support by general guidelines. Thus to support 
earlier, non-explicit consideration of manufacture, it would be beneficial to provide a 
designer with indirect manufacturability impacts to a decision during assessment 
activities. Such impacts could come from chaining links or directly via Impacts links 
between manufacture guidelines and guidelines from design domains. 
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7 Guideline Collection 

Mapping a design record to a guideline set, as in Chapter 6, provides a means of 
identifying missing guidelines and links in an existing database. The identified 
missing guidelines can then be generated to improve set completeness. A more 
general approach for generating guidelines, especially an initial set, is to collect them 
from a published source, or from an expert. In this later situation, the emphasis is 
not so much on database completeness, but on ensuring that all guidelines of 
acknowledged value are collected from the source. This collection activity is the 
focus of this chapter. Specifically, this chapter seeks to: 

• determine how the action-centred guideline model supports guideline 
collection 

• determine if links between guidelines can be effectively collected. 

This chapter presents the use of the action-centred guideline approach for 
generating new guidelines, structuring guidelines for database entry, and placing 
guidelines into a database using the CED. Two preliminary collection efforts were 
conducted to refine the approach which was then used to collect both guidelines and 
links. 

7.1 Guideline Acquisition 

Collecting guidelines can be viewed as a knowledge acquisition task. Debenham 
stated, "The goal of the knowledge acquisition phase is to construct a complete, 
consistent, correct and non-redundant model of the application which is 
comprehensible to the domain expert and which is in a sufficiently precise form to 
enable a trained person to translate it unambiguously into some implementable 
formalism" (Debenham, 1989). This approach uses an application model and a data 
model as shown mFigure 7-1. Debenham further recommended the use of a stylised 
natural language for the application model as more formalised models could hinder 
the acquisition process. 

Domain 
Expert 

System 
Analyst 

Figure 7-1. Knowledge Acquisition Process 
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Debenham noted that the collected knowledge must satisfy three requirements. The 
terminology or jargon must be unambiguous. The basic elements of the knowledge 
must be identified and classified. An element must have, at most, a single functional 
association and must be expressible as a statement in the application model. The 
actual extraction, or elicitation, of the knowledge from the domain expert should be 
such as to insure these requirements are met. 

For the initial guideline collection and database entry approach, the guideline 
provider was both the domain expert and a system analyst, as shown in Figure 7-2. 
The idea was that a "system manager-analyst" could occasionally tidy up the 
database, but that the fundamental conversion of the knowledge from the 
application model to the data model was best performed by the domain expert. This 
assumed that the translation process was well defined and not complex. The 
application model was similar to the data model, so most of the translation effort 
occurred during the first step. 

This approach was believed to be beneficial in dealing with a problem that can occur 
when an analyst converts the gathered knowledge in the two-person approach. 
Various inconsistencies and gaps may be discovered and these inevitably require 
further consultation with the domain expert (Debenham, 1989). Requiring real-time 
interaction of these two individuals was viewed as a drawback in this instance for 
two reasons. First, it would have required an organisation entering guidelines into 
the system to maintain a trained system analyst. Second, the analyst could be a 
bottle-neck (Gregory, 1987) which in distributed environments, such as across the 
Web, might cause problems. 

Guideline 
Approach 
Training 

Guideline 
---.,..". Area 

Expert 

;> 

Figure 7-2. Initial Guideline Collection Process 
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7.2 Pilot Studies 

It was expected that some adjustment of the initial collection approach would be 
required. Debenham noted that "for a non-trivial application, it would be foolish to 
believe that a complete and correct application model can be built before 
prototyping has been completed satisfactorily" (Debenham, 1989). Two studies 
were therefore conducted to refine the guideline collection procedure. 

7.2.1 Initial Collection Effort 

Participants were chosen who were familiar with the areas in question, but not 
recognised experts. Each participant was given a handout explaining the project and 
the guideline concepts. After reading the handout, they were given a hands-on 
introduction to the CED software. The software is explained in Appendix E. They 
were then left on their own to extract guidelines from the source texts with Nowack 
and Charlton available for assistance. As questions and difficulties arose, the 
recommendations to the users were adjusted and the software modified. 

Five individuals collected guidelines from six books and papers. A total of 63 
guidelines and 195 links were generated as shown in Table 7-1. The major guideline 
extraction difficulties included: 

- understanding the various guideline parts 
- knowing what was worth capturing as a guideline (which in turn impacts the 

number of guidelines collected). 

Further, in two instances, identifying guidelines was notably more difficult. In both 
instances the texts were written around examples where good features of the 
examples were highlighted but not necessarily dearly generalised. All participants 
desired more examples of the guideline collection process to aid their understanding 
of the techniques involved. 

Table 7-1. Pilot Run Links 

Number Number of 
Link Type Collected Open Links 

related issues 28 3 
similar 16 1 
alternative 6 3 
r~uires 11 3 
required by 7 0 
how 44 7 
why 36 13 

~acts 27 20 
tools 6 0 
definitions 13 0 
examples 1 0 
context 0 0 

total 195 50 
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An initial set of guidelines was generated by Nowack to serve as examples and 
targets for links. With the small number of guidelines in the initially collected set, it 
was expected that a number of links would be open, that is, not connected to a target 
guideline. As shown in Table 7-1, there were 50 open links although most were 
collected by Nowack. It appeared that more emphasis was required in the area of 
open links. The largest link categories were How and Why which was expected 
given the hierarchical approach taken. The related issues were also numerous, 
partly due to participants using this for a general category when unsure about what 
link to use. 

7.2.2 Proxy Stranger Study 

To provide additional insight into some of the difficulties encountered extracting 
and entering guidelines, a comparative proxy stranger study was run. By having 
someone other than the researchers, that is, a proxy stranger, attempt to execute a 
task, insight can be gained into the researchers unconscious assumptions about the 
knowledge requirements and instruction set (Collins and Kusch, 1995). The key 
point was to have proxy strangers who were not experienced in the tasks in 
question. 

Each of the four proxy subjects was given the same paper by Girardi and Mackellar 
(1993) about an application of joining composite materials and were instructed to 
extract guidelines from the article and enter them into the CED software. They had 
previously been given the guideline instruction handout used in the previous pilot 
study. The backgrounds of the subjects are summarised in Table 7-2. Subject D was 
not a stranger to guidelines or composites but was to the CED and so was given the 
task as a point of comparison. 

Charlton and Nowack directly observed subjects A, B, and C; and Nowack observed 
D. Observer notes, the software database and log files were used to study the 
subjects. Subjects A, B, and C used a desktop PC in the EDC, and subject D used a 
lap top PC in his home office. 

Table 7-2. Subject Backgrounds 

Subject Years of Years Since Current Formal Advanced 
Industrial Completion of Position Guideline Composite 
Experience First Degree Experience Experience 

A 3 6 research used the CED none 
student once before 

B 29 35 design none none 
management 
consultant 

C 1 4 research none none 
student 

D 17 20 university involved in expert 
lecturer Guidebook 

development 
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The results are summarised in Table 7-3. Guidelines from the four subjects broke 
down into 9 basic topical areas and 24 sub-areas based on major guideline actions. 
Instances of sub-area commonality between subjects are shown in Table 7-4 with the 
topics listed in Table 7-5. Except for Subject A, there was little overlap between 
collected guidelines. Those which did overlap represented main themes in the 
paper. The non-overlapping guidelines were a reflection of the collectors' 
backgrounds and differences in what they viewed as important. It appears difficlut 
to collect guidelines to cover every possible viewpoint. The impact on collection 
strategy is that multiple collection efforts from a document are needed to have 
confidence that most useful guidelines have been extracted. 

Table 7-3. Study Results 

Subject Guidelines Extraction Extraction Entering Entering Links Entered 
Entered Time per Gl. Time per Gl. InSet Out of Set Q£en 

A 5 44min 8.8 min 54min 10.8 min 3 0 0 
B 8 80 10 76 9.5 0 0 0 
C 10 102 10.2 94 9.4 9 3 0 
D 9 35 3.9 116 12.9 4 0 0 

Average 8 65 8.2 85 10.7 4 .75 0 

Table 7-4. Guideline Groupings 

Subject Groups A B C D AB AD BD CD ABC ACD BCD ABCD 

Areas by group 0 0 2 0 0 0 1 2 0 1 1 2 
Sub-areas by group 0 6 6 5 1 2 1 1 1 1 0 0 
Guidelines in sub- 0 6 6 5 2 4 2 3 3 3 0 0 
area group 

Table 7-5. Topical Area Summary of Collected Guidelines 

Topic Subject A SubjectB SubjectC SubjectD Total Guidelines 

Adhesive selection 0 0 1 1 2 
Composite uses 0 3 0 1 4 
Fatigue stresses 0 0 1 0 1 
Joining types 1 1 1 1 4 
Joint design 3 4 2 3 12 
Joint performance spec. 0 0 1 0 1 
Material choice 0 0 1 1 2 
Production 0 1 2 1 4 
Reinforced plastics 1 0 1 1 3 
Total 5 9* 10 9 33 

* Two parts of one gUldelme by B related to two separate gUldelmes and was counted twIce. 

Subject A noted a reluctance to make links with other guidelines since the intent of 
the other guideline might not be correctly understood. This was reflected in there 
being no links to guidelines outside the collected set. This is seen as a major issue 
for any attempt to have domain experts perform some of the system analyst'S 
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function. Subject A decided against extracting guidelines specific to the use of 
composites and adhesives believing they would be too domain specific. This 
highlights the need to effectively communicate collection philosophy and details. 

Subject B promptly commented that the paper did not address what was perceived 
as the most important part of a design: ensuring the correct problem is being 
addressed in the first place. This was possibly a result of Subject B's perspective as a 
practising design management consultant. Subject B continued to have a difficult 
time getting the main thrust of the paper and what we were trying to collect. There 
was continual expression of concern about understanding the paper as well as 
frustration with the magnitude of the task. There was uncertainty as to what 
perspective should be taken, for example "that of the designer of a conventional 
drive system" and this was perceived as important as it drove what rationale would 
be collected. The session was in two parts owing to a lack of time in the first session. 
A third session to complete links was planned but not accomplished. 

Subject C spent a long time on relationships between guidelines and drew extensive 
diagrams. A number of questions centred around the Impact links and uncertainty 
about how to capture opposite and contrary relationships. Guideline entry began by 
entering issues, actions, and consequences first, then entering the full guideline text. 
Subject C was the only subject to enter a guideline and later combine it with another. 
There was also difficulty understanding the difference between How and Why links. 
In spite of the apparent thoroughness, extraction and entry times were comparable 
for Subjects A, Band C. 

Subject D did not like the paper much and believed a few things were misleading, or 
possibly in error. Subject D spent the shortest amount of time reading the paper, 
however part of this was due to not considering links from the start. This was 
probably because Subject D was the only subject who did not read the introduction 
document beforehand. Consequently additional time was spent explaining some of 
the concepts at the computer, which resulted in the highest average entry time. 
Subject D entered links at a second pass through the guideline set although this was 
cut short due to time constraints. Subject D started by selecting guidelines believed 
to be "generically useful". Subject D had trouble understanding the idea of a 
guideline consequence. . 

7.2.3 Revised Acquisition Approach 

Several approaches were theorised to improve the consistency of guideline 
collection. The clarity with which the guideline approach and guideline needs are 
explained could be improved and the collection process made more straightforward. 
Guidelines could be collected by both an expert and a novice in the area of interest 
and the results merged. Alternatively, the concept of collecting guidelines from a 
published source could be abandoned and sources such as experts and case studies 
relied upon. Finally, specific guidelines could be collected by identifying those 
characteristIcs of the desired guideline that could be used to direct guideline 
collection. An example of the later would be to identify spacing and alignment in 
circular composite joints as an area needing guidelines and then seeking guidelines 
to satisfy this need. 
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Two approaches were pursued. First, the instructions were improved to clarify the 
expectations and the approach, and terms used in the software were refined. 
Second, the major revision consisted of simplifying the collection process. The goal 
of the revised approach was to keep as much of the knowledge conversion in the 
hands of the expert as possible, but to make this process easier. The process was 
decomposed into more deliberate and incremental steps as shown in Figure 7-3. 
This process included the following: 

- generating the guideline and its related parts and subjects in natural text 
(paper-based) 

- identifying related guidelines and rationalising guideline set based on user 
knowledge (paper-based) 

- entering guidelines into the guideline application model (software) 
- entering links and rationalising guidelines with the larger set (software). 

Guideline 
Approach 
Training 

Guideline 
Area ,--

Expert 

;> 
Guideline 
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Expert 
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Expert 
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Figure 7-3. Revised Guideline Collection Approach 

7.3 Guideline Collection Main Effort 

The revised approach was used to collect an additional 64 guidelines and 284 
associated links from a variety of sources and topics as related in the lower portion 
of Table 7-6. This was done by 8 people over 6 months. These collectors were 
provided with a handout explaining the action-centred guideline collection 
approach, blank collection forms, and a questionnaire (Appendix F) . 

Additionally, the 3493 guidelines from the DEG were ported to the new CED 
software to provide a fuller set of link targets. Titles were added to the ported 
guidelines but issue-action-consequence breakouts and links were completed for 
only a small subset. A number of the DEG "guidelines" which were in fact 
definitions and examples were placed accordingly in the auxiliary information 
section of the CED. Also, rationalisation of the former DEG guidelines was begun. 
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Table 7-6. Guideline Collection Summary 

Area Source Stage Guidelines Links 

Composite products case studies development 40 70 
Functional Modelling paper pilot 5 10 
Lean production journal paper pilot 5 30 
Value analysis book pilot 11 47 
General product design book pilot 11 15 
Design for assembly handbook pilot 24 77 
Design for manufacture book pilot 8 32 
Joining composites conference paper proxy-stranger - -
Design science book main 17 20 
Project management book main 2 19 
Design management book main 14 27 
Human factors experience, books main 9 45 
Conceptual design book main 10 151 
Micro-mechanisms book, research main 8 3 
Desigt! theory book main 2 12 
Machine Design experience main 2 7 

7.3.1 Elicitation 

The greatest difficulty was understanding and using the link concept. However, it 
was noted that subjects who spent more time studying the provided material had 
less difficulty with links. 

There was general difficulty in understanding the Impacts link. There appeared to 
be two separate problems. There was no means of explicitly accounting for positive, 
negative, and unknown impacts using the link types. Such information had to be 
included in the link labels. The second problem was understanding the relationship 
of two guidelines connected with an Impacts link. As originally formulated, the 
impacts link was for impacts on other domains. What is meant by "other domains" 
was not always easy to determine. Consequently, the Impact link was reconsidered 
as discussed in Section 5.4. 

The problem with the Impact link was worsened by the fact that no link was 
provided to account for the <consequence> to <new issue> progression so any 
predicted new issues had to be linked in via Impacts, How, or Related Issue links. 

7.3.2 Rationalisation 

Some guideline rationalisation was evident during the paper-based stages, but on 
the computer little rationalisation was observed. However, Similar links were used, 
so some rationalisation would be possible at a future date. 

7.3.3 Guideline Entry 

Most users found entering the various guideline parts to be tedious. This was likely 
to have influenced the lack of effort put into rationalising guidelines after entry. 
Details about software use may be found in Charlton (1997). 

& 
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7.3.4 General Results 

The difficulties seemed less with the mechanics of the task and more with subtleties 
such as link types. This shift of problem area as compared to the pilot runs is 
believed to be due to the improved instruction set and the revised collection 
approach. The one pilot collection study participant who subsequently participated 
in the main collection effort singled out the elicitation form (Appendix F) as making 
the collection task manageable. 

Collecting design process related guidelines appeared to be more difficult than 
collecting form related guidelines. This appears to result partly from the previously 
mentioned difficulty of collecting guidelines from sources written around examples 
and cases. However, it is possible that some inherent difficulty may exist applying 
the method to such guidelines. 

It was expected that differences between topical domains would be reflected in 
guidelines collected from those domains. Management, human factors, micro
mechanisms, and general mechanical design served as comparisons against each 
other and the previously collected guidelines. The micro-mechanism guidelines 
were based on different fundamental assumptions compared with macro-design 
(Klaubert, 1997) and so this was reflected in a low number of links to other 
guidelines. 

The human factors guidelines required selection charts as supporting tools to the 
extent that graphics capabilities were added to the CED to accommodate them. It 
appeared that this was not a uniqueness of the human factors domain per se, but a 
reflection of the guideline type and level. Similar charts of examples and 
alternatives were seen in manufacturability and process selection areas and were 
believed to reflect the need to match the designs to a limited set of constraints: 
machine sizes and capabilities for manufacture; and human sizes and capabilities for 
human factors. 

7.4 Chapter Summary 

The action-centred guideline approach resulted in guidelines structured in accordance with 
the action-centred model. 

When collecting from published sources or personal expertise, the guidelines 
collected are a function of personal perspective and are not sufficient to guarantee 
either a comprehensive database or effective collection of all guidelines from a 
published source. 

The revised collection approach appeared to work well. However, there is still room 
to improve the clarity of the explanation. Also, the difficulties observed in collecting 
design process guidelines need further exploration. Additionally, techniques for 
collecting guidelines from example-based sources need refining. 
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Guideline collectors were able to identify and enter links, but several issues were raised. 

Links between domains require an expert to know both domains in order to identify 
a link. This further motivates the need for automated link identification, such as in 
Section 5.4. Such automatic identification of candidate links followed by 
confirmation by a user should require less collector expertise. 

Several collectors desired an ability to account for types of impacts, such as 
favourable, negative, or neutral. There is a need for a New or Subsequent link to 
account for suggested subsequent issues. Also, a general, or unknown link could be 
useful to catch related guidelines when the CED operator is unsure of the 
appropriate link type. More emphasis needs to be placed on collecting open links. 
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8 Manufacturability Support 

The case for using design guidelines to present manufacturability information was 
made in Chapters 2 and 3. Subsequent chapters developed the action-centred 
guideline model and its use for guideline collection. This chapter examines 
guideline delivery. In this chapter: 

• a manufacturability support tool concept is reviewed 

• aspects of the proposed tool are examined in the light of the CED capabilities 
and user experience with the CED in two types of trials. 

8.1 Guideline-Based Support Tool 

A guideline-based manufacturability support tool, known as the Manufacturability 
Assistant for Design Engineers (MADE) was previously proposed by Nowack 
(1995) . MADE can be considered as a specific automated implementation of Chen's 
manufacturing information model shown in Figure 8-1 where indirect 
manufacturing information is in the form of guidelines and examples. 

Direct 
Manufacturing 

Information 

Indirect 
Manufacturing 

Information 

Figure 8-1. Manufacturing Information Model (after Chen, 1995) 

The main capabilities in the proposed MADE are the ability to follow a designer's 
progress and then suggest guidelines in the light of design and manufacturing 
context and personal preference. This accounting for context is a key element for 
effective guideline use. As shown in Figure 8-2, it is proposed for this to be 
accomplished by a designers' workbench providing triggers(design attributes) from 
the evolving design. These would account for early form emergence. The guideline 
and case study database along with the connecting network would provide a means 
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of incorporating design progression, manufacturing requirements, and goal 
prioritisation. It would also provide a means for managing database content. 

Design Workbench 

Design 
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Figure 8-2. Manufacturability Assistant for Design Engineers 
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The CED was conceived primarily to support guideline collection (Chapter 7 and 
Appendix E) but is also able to function as a limited prototype of the guideline 
concepts in MADE as shown in Figure 8-3. Using the CED, the designer manually 
generates relevant design attributes and manually interprets all manufacturing 
requirements that the CED presents. These are then manually compared to the 
actual manufacturing environment. 
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Figure 8-3. CED Manufacturability Support 
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The potential utility of the CED can be examined using Swift's 8 criteria (Swift, 1987) 
for a computer-based design consultant to be useful to a practising designer as 
discussed below: 

(1) Capable of giving useful advice. The primary determiner of advice usefulness is the 
content of the guidelines themselves. This issue was originally addressed by both 
Aguirre Esponda and Ackers and is extended in this current research. The 
secondary issue addressed by Ackers was the ability to find a useful guideline. This 
is addressed in the CED by the search and link scheme. 

(2) Quick enough so that it does not significantly occupy a designer's time. Speed of 
response was an issue also noted by Ackers. Feedback from users addresses how 
effective the search and link approach is in providing easy guideline access. 

(3) Easy to understand and use. Ease of use in the CED is accomplished by keeping 
the mterface as simple as possible. One known issue that is not dealt with in detail is 
adapting to cognitive expectations and preferences of users. This issue is impacted 
not only by the user interface, but also the format of the information itself (Gartshore 
and Collacott, 1987). Charlton's adaptive search scheme provides some useful 
accommodation of users' vocabulary preferences. 

(4) Able to explain its advice. Explaining advice in the CED is accomplished through 
structured guideline content, in particular ensuring that rationale for a guideline is 
clearly presented. Secondary explanation is provided by links to other guidelines 
and by examples. 

(5) Easily updated as new knowledge becomes available. The CED approach to facilitate 
updating the database is explained in Chapter 7 and Appendix E. 

(6) Educational - usage of the system reduces the number of crucial errors made by the 
designer. Edwards observed that perhaps the greatest learning benefit from a 
guideline database was realised with novice designers (Edwards, 1994). As for 
being an educational tool, Olson and Snyder claim that for effective learning new 
information should be presented in relation to existing knowledge and in relation to 
its eventual use (Olson and Snyder, 1993). The links offer one means of relating new 
guidelines to others that may be already known. The theoretical possibility of 
avoiding errors is presented in Chapter 5. Whether this is realisable in practice 
requires further detailed study and long-term trials, although some insight can be 
gained by initial user feedback with the CED. 

(7) Forgiving of non-crucial errors on the part of the designer. The incorporation of 
Charlton's associative search provides some robustness against user errors in 
searching for guidelines as do redundant paths in the guideline network. 

(8) Easily accessible. CED accessibility is provided by developing the software for PC 
platforms. 
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Two types of user trials were conducted. The first consisted of engineers performing 
a set task. In the second, copies of the CED were provided to practising engineers 
for use in their day-to-day work. 

8.2 Support System Study 

The level of detail recorded in a protocol study, the exactness of the recording 
(fidelity), and the chunking and classification of the data (granularity) differ 
depending on the needs of the study and the ease or feasibility of data acquisition. 
A speech analysis study might be detailed, fine grained, and high fidelity. A 
historical recreation might be poorly detailed, course grained, and low fidelity. The 
protocol used in Chapter 6 is fairly detailed, fine grained, and high fidelity, although 
not as detailed as a linguistic study might be. In Chapter 6, the data chunks were 
further aggregated to enable mapping onto action strategies and guidelines. 

This section presents a test of the guideline-based manufacturability support 
approach using a less detailed study of the optical support design task used in 
Chapter 6, but with slightly different constraints (Appendix G). 

Seven subjects were given the task and asked to note rationale to support every 
decision they consciously made. The CED was provided and noting a CED 
guideline number was sufficient for annotating rationale. In addition to each 
designer's notebook, data on the CED usage was automatically recorded in the CED 
log. Unlike the previous laboratory study performed by Blessing (1994), the subjects 
were asked to work in whatever environment they were used to. Also, they did not 
have to perform the task in one sitting, but rather were allowed three days over 
which to perform the task. 

The initial subject, Gl, displayed a detailed style that relied on up-front gathering of 
detailed information. When possible, answers to supplementary questions beyond 
those in the task assignment matched those of Blessing. Answers to new questions 
were recorded for consistency with later subjects. Unfortunately Gl became ill 
shortly after starting the experiment and completion was drawn out. The computer 
with the CED was unavailable for the extended time period, so most of the work 
was done without it. Summaries of the remaining subjects who completed the task 
are presented in Table 8-1 below. 

Table 8-1. Subjects Who Completed Experiments 

Subject Position Education Design Education Design Experience 

G2 Entrepreneur MSc part of MSc 3 years 
G4 Project Engineer & BEng BS design option 7 (part time) 

Estate Manager 
GS Design Researcher PhD 2 years in research 10 
G6 Engineering Student PhD part of BS 0 
G7 Research Engineer PhD drafting 3 · 
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8.2.1 Subject G2 

Subject G2 explored the CED prior to embarking on the design and several days 
were spent reflecting on the problem. Nearly all the design effort then occurred in a 
single morning. The CED was not used during that time. The designer stated that 
the next step, had it been performed, would be when a CED-like tool would have 
been used to support critiquing the candidate design. This supports Ackers' view 
that guidelines are well suited to critiquing designs. The reason for this seems to be 
not so much an inherent capability of guidelines, which was Acker's view, but rather 
more related to the designer's preferred style of reflect-generate-critique-modify 
where external guidance is used for critiquing. 

Subject G3 was given the task, but time constraints prevented completion. 

8.2.2 Subject G4 

Subject G4 completed the task and used CED throughout, though usage levels were 
not uniform. Usage was heaviest in areas unfamiliar to Subject G4. No additional 
information was solicited from the test conductors during the work. Subject G4 
wrote: 

In areas with which I am already familiar, I found the guidelines told me what I 
already knew. However, I did pick up some useful tips about things I was 
unfamiliar with. 

This comment seems to corroborate Ackers' findings about a guideline database 
being least useful in areas familiar to the designer (Ackers, 1994). The fact that 
useful tips were found goes beyond Ackers' conclusions, but corroborates Edwards' 
experience that guideline databases help generate ideas (Edwards, 1994). Ackers 
tested a manual search, Edwards used the DEG, and the CED has the easiest recall 
mechanism which may explain the results. If so, it supports the idea that 
accessibility is a key criterion for guideline uptake. 

Subject G4 also found that "many promising search results" led to guidelines which 
added little additional value to that which was communicated through the title. 
Specifically missing was additional rationale. For example referring to guideline 
(1022), Subject G4 wrote "drill instead of ream or bore - why?" 

This provides insight into the use of guideline titles as lists to scan through. The 
guideline must have more substance than the title or credibility is lost. This is a 
problem with many of the CED guidelines ported from the DEG. It is not clear 
though whether links to other, more detailed, guidelines would suffice to expand on 
brief guidelines as the CED does not have a full complement of links yet. 

Table 8-2 shows the design process followed by Subject G4, along with points where 
the CED guidelines were applied. The actions as recorded in the CED log are in 
Figure 8-4. Note that one section of the log was not properly recorded. The 
guidelines used are included in Appendix G. 
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Table 8-2. G4 Process 

Desi~Steps CEDUse Searches Guidelines Applied 

Study Requirements familiarity 1 0 
Visualise required motion no - 0 
Note solution ideas no - 0 
Experiment to iml'rove understanding yes 3 1 - (1825) 
Sketch possible solutions yes ? 3 - (18,53,21) 
Calculate some forces no - 0 
Select option no - 0 
Detailed development yes 4 0 

In addition to the searches, G4 browsed sections of guidelines both using links and 
looking at adjacent guidelines which were often related. G4 commented that 
interesting things were picked up during this browsing. 

Production topics were explicitly sought at least twice. The first time assembly
related guidelines were browsed yielding the three guidelines used in the sketching 
phase. Later, a search on "drilling" during detailed development did not yield any 
utilised guidelines. 

8.2.3 Subject G5 

Subject G5 completed the task in two days. However a computer problem meant 
that the log file was corrupted. Based on the note book, questionnaire, and post-test 
interviews, the process followed and guideline use was recreated as shown in 
Table 8-3. 

Table 8-3. G5 Process 

Design Steps CEDUse Searches Guidelines Applied 

Solution-neutral problem statement no -
List requirements no -
Identify driving requirements no -
Identify solution principles no -
Brainstorm clamping system no -
Detail clamI'ing system yes 3 1- (3054) 
Drawing no -
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subject G5 made extensive use of the Pahl and Beitz systematic design method (Pahl 
and Beitz, 1984). The only use of the CED appeared to be after a clamping approach 
was selected. The retrieved guideline (3054) related to designing economical jigs, 
but it was applied to the clamp design. This was possible because the searches on 
swivel, pivot and clamping retrieved all guidelines related to these areas regardless 
of application. This would not have been possible if the guideline had been 
explicitly tied to jig design or even to production. 

(3054) Are all the clamps and clamping screws in the most accessible and natural position? 

Subject G5 noted that a benefit of recording the design and using CED was that it 
forced a slower and more methodical process, resulting in more thorough thinking. 

8.2.4 Subject G6 

Unlike Subject G5, Subject G6 found the process of using CED interfered with the 
design by breaking concentration. Much of the CED use was to provide rationale for 
previously made decisions. Overall CED use was higher and more evenly 
distributed than with other subjects since Subject G5 made a concerted effort to use 
the CED throughout the design (Table 8-4 and Figure 8-4). 

Table 8-4. G6 Process 

Design Steps CEDUse Searches Guidelines Applied 

Objectives no -
Subdivide problem yes 1 1 - (1619) 
Brainstorm partial solutions yes 7 7 - (707, 1454, 1452, 2539,2541,699,32) 
Select concepts · yes 2 3 - (626, 156, 124) 
Detail design / sketch yes 5 21 - (544, 772, 872, 1600, 1832, 1807, 1677, 

1823,2385,2388,539,2387,868,1573, 
3462,2021,800,2286,3286,2970,12) 

Assembly drawing and BOM no -

Subject G6 noted that the CED produced some useful tips. The design approach 
used was: 

- determine next step 
- search the CED for justification of step 
- note the CED guidelines useful for further steps found through browsing 
- perform step 
- note future steps necessary as a result of current step. 

This approach provided some forward progression and possible prompting of 
future steps. Subject G6 was the only subject to use the CED GoTo function to return 
to a specific guideline. 

Subject G6 noted that CED provided many guidelines of no specific help. This may 
be partly due to the largely retrospective searching performed where a fairly specific 
guideline was required to justify an existing action and hence needs to match issue, 
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action and rationale. Alternatively, prospective use is generally not seeking a 
specific guideline, but one that is helpful in some situation, i.e. addresses the proper 
issue. This indicates that more accurate searches are needed as well as perhaps more 
database rationalisation to remove duplication. Better contextual sensitivity as 
proposed in MADE could help with search accuracy. 

Subject G6 did literal design process searches using "brainstorm" and "detail", 
unlike the other subjects who searched for design or production features and issues. 

8.2.5 Subject G7 

Subject G7 was experienced in materials selection and structural design, but had 
never designed a mechanism before. As a result, the initial step was an attempt to 
use the CED for familiarisation with mechanism design (Table 8-5). 

Table 8-5. G7 Process 

Design Steps CEDUse Searches Guidelines ~lied 

Explore mechanism design yes 4 ? 
Review brief no -
Generate ideas ~es 6 3 - (688,2720, 690) 
Select ball ~proach no -
Embody no -

Subject G7 stated that the CED took too much time and did not provide practical 
help. As shown in Figure 8-5 most of the use occurred over a period of about 30 
minutes. The primary approach was using the search lists. 

8.3 General Field Trials 

The prototype system was provided to five engineers in two design consultancies 
and one product data management firm for field trials. Each user was provided 
with the software, user notes, and a questionnaire (Appendix G). When possible, a 
brief hands-on introduction to CED was also provided. The engineers at the design 
consultancies were enthusiastic about the potential of the CED. They waited to use 
the CED until design projects were available, even though it was pointed out that 
the CED includes guidelines about many other areas such as testing and 
management. As a result, only data from one subject was available in time for this 
research (Table 8-6). 

Table 8-6. Field Trial Subject 

Subject Position Education Design Education Des~ EX£erience 
F4 Product Engineer / PhD 4 years 0.5 years 

ManufacturinK 
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8.3.1 Subject F4 

subject F4 used the CED on 10 projects. He generally seemed pleased with the 
layout of the tool, especially the search speed and the links. The major complaint 
was lack of coverage in several areas such as plastics, both of guidelines and links. 
He generally took about 1 minute to perform an initial search followed by about 1 
minute of following links to find helpful guidelines. 

Comments from Subject F4 include: 

It's easy to use - navigating around is especially easy. One further refinement 
would be to reduce further the number of words CED suggests might be linked 
to the search query. 

The most useful way of browsing is the links which come up with a guideline. I 
have been doing an initial search, bringing up a guideline which looked useful, 
and then following links from it. This seems to produce more useful results than 
looking through the whole list of items from the search. 

Topics I've tried to look for and my success: 
Plastic springs (cantilevers) - not much success 
Friction between plastics - not much success 
Testing (analysis of tests, structuring a test programme etc.) - quite useful 
Shear - quite useful. 

8.4 Chapter Summary 

A manufacturability support concept was presented, aspects of which are prototyped in the 
CED. 

The CED is able to provide relevant guidelines to a designer, but has a number of important 
limitations. 

Based on feedback from users, CED provides a convenient means for guideline 
retrieval. The most valuable aspect of the tool was found to be when tackling 
problems in areas new to the user. 

In the set design task, difficulties included understanding terminology in guidelines, 
the time required to access useful guidelines, and search accuracy. In industrial use, 
the utility seems to relate to specific design topics and how well populated the CED 
is for those areas. 

Search results often produced guidelines that were not relevant to the design 
situation. There needs to be better search accuracy and continued pruning of the 
database. Providing better accounting for the design context could help in this area. 
Results however appear favourable when compared to the experiences of both 
Ackers and Edwards. 
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Chapter 6 proposed the use of guidelines as a means to capture rationale. In theory, 
finding guidelines in this situation should be easier since the design action is already 
executed. Examining the experience of Subject G6, finding guidelines in the CED to 
match existing actions appeared to be no easier than looking for guidelines to 
support future actions. 

Initially starting a search appears to be difficult. Users demonstrated a preference 
for object-centred searches, such as "clamping devices". Little use was made of 
searching on design process topics. In general, the observed search approach was to 
explicitly pursue a need and then browse using either links or the search lists. 

Links appear to support browsing well. However there is some confusion over the 
intent of various links. Browsing the titles in checklists appears to be useful 
although guidelines lacking additional useful information in the full guideline text 
reduces credibility. 

Experts do not appear to be well supported by Impact links during assessment 
activities possibly due to the relatively small number in the database. However, it 
does appear that the CED supports design critiquing well from the search lists. 
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9 Prospects for Guideline Support 

Improved guideline support during the early stages of design was identified as a 
means of improving manufacturability (Chapters 2 and 3). To meet this need, the 
Action-Centred Guideline Approach was developed and tested through the 
following studies: 

- Rotary Damper (Chapter 4) 
- Composite guidelines (Chapter 5) 
- Mechanical design protocol (Chapter 6) 
- Empirical testing of guideline collection (Chapter 7) 
- Empirical testing of guideline retrieval (Chapter 8). 

This chapter highlights the contributions contained in these chapters, assembling the 
ideas and results to describe the approach to design support and how they have 
been embodied in the CED design-support tool. The structure and potential of the 
approach are also described. 

9.1 A prescription for a Guideline Support Tool 

The essence of a guideline is a prescriptive recommendation for action to address an 
issue of concern (Section 3.5). Guidelines can directly support designers as they 
consider issues and decide on courses of action (Section 2.3.2). Guidelines may 
provide additional assistance by predicting likely outcomes of actions and by 
identifying additional issues that designers should consider. To provide effective 
decision support however, appropriate guidelines must be available to designers at 
the time of the decisions. Such timely retrieval of guidelines is difficult (Section 3.4). 
Consequently, an approach for improved guideline support was developed. To do 
so, careful attention was given to issues of guideline content and structure. 

The approach was developed to support a tool useful for small companies 
(Section 2.6) with a limited suite of computer-based tools, and a need for accessing a 
wide range of knowledge such as that contained in collections of guidelines. The 
additional rigour required to develop such a stand-alone approach will improve 
guideline use when integrated with other tools. Indeed, such integration is desirable 
as guidelines function well as sign-posts to point designers to resources available in 
other tools (Sections 2.6 and 4.3) and these tools can provide design information to 
improve guideline retrieval (Section 8.1). 

The Action-Centred Guideline Approach (Figure 9-1) consists of three main stages: 

- collection 
- storage 
- retrieval. 
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COLLECTION 

STORAGE 

RETRIEVAL 

Figure 9-1. Overview of the Action-Centred Guideline Approach 

The approach relies on the correspondence between the action-centred design model 
(Section 3.5.2) and the action-centred guideline model (Section 5.2.2) as shown in 
Figure 9-2. This correspondence provides: (1) a direct means of relating design 
actions to guidelines; and (2) the basis for the guideline structure used in this 
research. The Design Cycle is a representation of the progression of a design and the 
issues designers consider. The Design Guideline Cycle shows how guidelines and 
links support the design activity by recommending actions and identifying issues. 
The main parts of a guideline can be seen in the Design Guideline Cycle: the issue, 
the recommended action, and the predicted consequence. 

The model correspondence allows guidelines to represent various issues of interest 
to designers: supporting issues to enable an action; collateral consequences or side
effects; related issues that should also be addressed; and new issues that result from 
the consequences of an action. As these issues may be in various domains (Section 
5.5), connecting these issues with links provides a means of relating disparate 
domains such as design and manufacture. This is important for supporting 
manufacturability considerations in the early stages of design (Chapter 2) and can be 
extended to other considerations, for example human-factors. 
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The three stages of collection, storage, and retrieval are expanded in Figure 9-3 and 
are described in the following sections. 

9.1.1 Collection 

Guidelines come from three sources: published works, design cases, and experts as 
shown in Figure 9-3 (a)l. Collection from published sources is considered useful to 
establish an initial database. Once established, a tool based on this approach can 
rely more on elicitation from users of the tool who desire to record some expertise 
not already in the database. 

1 The letters in brackets relate to the letter codes in Figure 9-3. 
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To minimise the resources required to use the Action-Centred Guideline Approach, 
a means of collecting guidelines and links was developed which avoids the need for 
a dedicated system analyst or "knowledge engineer" (Section 7.1) . This was p ossible 
by decomposing the process into manageable chunks (Section 7.3) and incrementally 
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structuring the guideline information into the desired guideline and link parts. The 
main aspect is the collection form used in step (b), an example of which is in 
Appendix F. The structured collection technique provides consistency in capturing 
necessary guideline parts. Without this structure, much of the context can be lost. 

Data from the collection form, state (c), can be entered into software directly, step 
(d). This results in guidelines entered into the software, state (e) with the various 
parts identified: issue, action, consequence, related subjects, and a title (see Section 
9.1.3). 

An important concept introduced with the Action-Centred Guideline Approach is 
that of guideline links. Consequently, links need to be collected along with the 
guidelines. This activity is similar to guideline collection except that the links are 
influenced by other guidelines already in the database. A link will initially be 
"open", that is unconnected to a second guideline, except when sets of related 
guidelines are collected together, in which case links may initially connect to 
guidelines within the newly collected set. For open links, a guideline in the database 
will be sought as the target in step (f). In practice, guidelines will not exist to 
complete every link, a fact that is exploited in completeness evaluation as discussed 
in Section 9.1.2 below. 

Links may also be identified as a result of the link identification approach developed 
in this research and included in step (f) (Section 5.4). This link identification 
approach is made possible by the structure of the guidelines. It is based on 
searching for textual similarities in selected guideline parts which correspond to 
various links. Links identified in this manner will never be "open" since the 
presence of both a source and target guideline in the database is necessary for link 
identification. Once the links are completed, collection is finished and guidelines 
and links reside in the database, state (g). 

Testing 

It was observed that different individuals collect different guidelines from the same 
published source. This appears to be a function of personal background and 
understanding of guideline concepts. An alternative for more predictable guideline 
collection is to collect specific guidelines identified as missing from a database (see 
Section 9.1.2). 

Major portions of the approach are implemented in the Cambridge Engineering 
Database (CED) which allows for testing of the techniques employed (Appendix E). 
The CED implementation only suggests links based on similarity of the entire 
guideline including the title and subject. Thus it is more apt to provide How /Why 
and Similar links. Test subjects did not directly comment on inabilities to find other 
link types. What they did find tedious were the "irrelevant" guidelines suggested 
by the CED. The link identification scheme should reduce the magnitude of this 
problem, although further implementation and testing is required. 
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contributions arising from this research 

The research has enabled: 

- the creation of a new structure for guidelines 
- the development of guideline links based on a correspondence between 

guideline structure and a model of design 
- the introduction of rigour into guideline capture (necessary for link and title 

schemes) 
- the capture of various guideline parts without active system analyst 

participation 
- the development of a similarity-based link identification scheme. 

9.1.2 Storage 

A means of storing and managing guidelines is required to support collection and 
retrieval. Guideline storage is facilitated through several associated activities: 

- entering structured guidelines and links 
- checking database completeness 
- rationalising the database. 

By entering structured guidelines and links as described in Section 9.1.1, database 
design is straight-forward. Complexity comes about due to the interrelated 
guidelines and links (Charlton and Nowack, 1997). 

The most important storage issue for this research is the determination of the 
completeness of a guideline set; 11 completeness" means that all the necessary 
guidelines and links are present to support designers working in a given area on a 
given task. Completeness is important for dependability (Section 3.2.2). This 
evaluation, step (h) in Figure 9-3, is facilitated by links (Sections 5.2.1 and 5.6). 
When a link is originally entered in step (d), it is connected to a source guideline but 
not a target guideline. In step (f), target guidelines are identified for the links. If a 
link is left open following step (f), then a guideline is missing from the database. 

A second means of determining completeness, with respect to a given design task, is 
to map the task to the guideline set to determine whether the set is sufficient to 
completely support the task (Chapter 6). This mapping relies on the model 
correspondence of Figure 9-2. A third approach relies on user feedback to determine 
if the computer-based tool is effectively supporting users. When a desired design 
guideline is not found, this fact needs to be noted (state (0)) so that a guideline can 
be collected at a later time. Comments from the user trials (Chapter 8) provide such 
feedback. 

Excess guidelines and links do not impact set dependability as much as missing 
guidelines and links, but they increase the difficulty of search activities required for 
automated link identification, guideline queries, and navigation on links, that is they 
hinder timeliness (Section 3.2.2). Rationalisation, step (i), is performed to eliminate 
unnecessary duplication in the set. The rationalisation means used in this research 
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was to combine guidelines which duplicate each of the component parts. The result 
is a combining of guidelines and a merging of links, or simply removing an excess 
guideline as in state (p). 

Once completeness and rationalisation have been performed, the database, state (j), 
is ready for the guideline retrieval stage. 

Testing 

Identification of missing guidelines using links was demonstrated (Section 5.2.1). 

Identification of missing guidelines through user feedback was tested in the CED 
user trials. The feedback did not identify specific missing guidelines, but rather 
identified topical areas not covered by guidelines (Chapter 8). 

Checking database completeness by mapping a design task to guidelines was 
demonstrated (Chapter 6). A challenge identified in this mapping is dealing with 
the fact that guidelines are generalisations of the specific design instances they map 
onto. 

Some guideline database reduction was accomplished using similarity matching 
both during entry of new guidelines and when purposely rationalising Aguirre 
Esponda's collection (Section 7.3). 

Contributions arising from this research 

This research has developed: 

- a means of determining the completeness of a guideline set 
-- using links 
-- mapping guidelines to a design case 
-- analysing user feedback 

- a means of rationalising a guideline set. 

9.1.3 Retrieval 

The technique for guideline retrieval is based on minimising the need to explicitly 
search for guidelines as that has been shown to be ineffective (Section 3.3.1.6). From 
an initial guideline starting point, links are followed to arrive quickly at a guideline 
of interest. This initial guideline is arrived at by explicitly searching for a guideline 
in the area believed to be of interest, step (k). The query returns a list of guidelines, 
which in the CED implementation are rank-ordered using Charlton's associative 
search technique (Charlton and Nowack, 1997). 

Structuring the guidelines provides a means for using structured titles to use when 
listing guidelines such as in response to a query, or as a link label. The title structure 
is <topic of guideline issue>, <topic of guideline recommended action>. 
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By following links attached to a guideline, step (m), designers can find a guideline to 
help with the current issue, state (n). Alternatively, if a suitable guideline is not 
found, this is noted as a missing guideline, state (0), to allow for collecting this 
guideline in the future. Similarly, a guideline may be found that only partially 
addresses the issue, and this can be identified for future modification, state (q). 

Testing 

Links are included as part of the CED (Appendix E). Empirical testing on set design 
tasks and general use has shown that designers find the link scheme helpful for 
finding guidelines. Likewise, the two-part title approach to listing guidelines is 
effective (Chapter 8). 

Contributions arising from this research 

This research has led to: 

- a new method for guideline retrieval that minimises reliance on explicit 
searching 

- a two-part guideline title for efficient guideline recovery. 

9.2 Capabilities of the Approach 

Each of the capabilities desired for guideline support listed in Section 3.6 are 
reviewed in light of the capabilities of the Action-Centred Guideline Approach. 
Results of empirical research, based on the approach as implemented in the CED, are 
also discussed. 

(1) The approach supports reliable guideline elicitation. 

Guideline collection trials successfully produced guidelines and links in the format 
necessary for the Action-Centred Guideline Approach (Chapter 7). In the case of 
collecting guidelines from published sources, the guidelines collected can vary a 
great deal between individuals. 

A potential problem was collecting open links, that is links which are not already 
connected to a second guideline. Such links are important for capturing expertise 
but test subjects seemed reluctant to collect them. This may be in part due to 
subjects entering sets of related guidelines which made it possible to enter only 
completed links. A trial requiring subjects to only enter a single guideline, and 
hence only open links, might help determine if any fundamental problems exist 
eliciting open links. 

(2) The approach supports easy guideline storage. 

The storage technique discussed in Section 9.1.2 supports completeness evaluation, 
database rationalisation, and retrieval. 
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(3) The approach supports movement between guidelines that are broad and shallow and 
those that are narrow and deep to support design development and review. 

Working from shallow to deep while developing a design and working from deep to 
shallow while reviewing a design (Section 3.1.5) is directly supported by the How, 
Why, and Tool links. Long-term study is required to determine how well the links 
help avoid oversights (due to broad knowledge) and develop good designs (due to 
deep knowledge). 

(4) The approach identifies impacts and conflicts between guidelines. 

An important element of design is reasoning about conflicting requirements 
(Section 4.5). This must be preceded by an identification of relevant conflicts. In the 
Action-Centred Guideline Approach this is accomplished by identifying impacts of 
an action on other issues and actions. It is left to designers to determine whether an 
impact applies in the current context. 

The Impacts link is a direct means of identifying such conflicts. Secondary means 
exist through the other links, any of which could potentially alert designers to an 
adverse impact. 

(5) The approach accounts for design context. 

Guideline application is dependant on problem context (Section 4.7). To assist a 
designer in determining whether a guideline is appropriate and how to apply it in 
the light of problem context, the influence of the context needs to be made as explicit 
as possible. Links can be used to supplement context cues in the guideline text. For 
example, a Requires link can identify product capabilities that must exist, i.e. 
production context. 

(6) The approach quantifies impacts to universal virtues. 

When making decisions, designers must assess the impact of the decision against 
normative information (Section 2.3.2). This can be high level principles (Chapter 4). 
The work of Aguirre-Esponda and Olesen identify normative principles to guide 
designers in embodiment design and design for manufacturability respectively 
(Aguirre Esponda, 1992; Olesen, 1992). The Action-Centred Guideline Approach 
does not directly and quantitatively account for such impacts. However, the links 
offer a means to provide some relative ranking of impacts. This is discussed further 
in Chapter 10. 

(7) The approach accounts for production capability limits. 

The Action-Centred Guideline Approach treats production limits as part of the 
extended design context and as such they are treated as other contextual issues 
discussed in point (5) above. The current implementation relies on designers to 
make the determination of the availability of appropriate production capability once 
alerted by a guideline to check for it. 
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(8) The approach relates to associated design tools. 

One of the roles for design guidelines is to point designers to potentially useful 
resources. These include experts and design tools (Section 2.6). These resources are 
a means to act on the guidance provided by a guideline and as such relate to the 
guideline through a How link. In the CED implementation, tools, examples and 
definitions are kept separately from the principles and guidelines, so separate 
information links are used (Appendix E). 

(9) The approach supports interdependence between developing product form and design 
processes. 

The action recommendation in a guideline represents a design action, that is a 
design activity is required to perform the action. The recommendation can be 
motivated by an issue about either design form or design process. The links provide 
a means of relating guidelines about product form to guidelines explicitly 
addressing the design process. Apart from these links, efforts to map the design to 
guidelines revealed that design process guidelines lack "hooks" tying them directly 
to the design (Chapters 4 and 6). This means that searching for them can be difficult 
(Section 4.4) but also there are potential difficulties in automatically identifying 
links. This requires further research. 

In Summary: 

The Action-Centred Guideline Approach consists of three main stages: collection, 
storage, and retrieval. Its potential for supporting manufacturability consideration 
in the early stages of design is demonstrated by comparing its performance to the 
"wish-list" of criteria for a successful support tool introduced in Chapter 3. Of these 
9 criteria, 7 are met by the Action-Centred Guideline Approach, while the remaining 
2 are partially met and need further investigation (see Chapter 10). 
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10 Summary, Conclusions, and Future Work 

The Action-Centred Guideline Approach was developed to meet a need for 
guideline delivery in general, and supporting manufacturability considerations 
during the early stages of design in particular. Interest generated at conferences and 
through EDC visits has established the need and commercial potential of the 
method 1. The major contribution of this research is the development of an approach 
that provides rigour for the collection, storage and retrieval of design guidelines. 
This chapter: 

• reviews the steps taken to develop the Action-Centred Guideline Approach 

• summarises conclusions from Chapters 1 through 9 

• discusses avenues for future research. 

10.1 Development of an Action-Centred Guideline Approach 

Reviewing existing manufacturability methods identified a need for guidance 
methods which apply in the early stages of design. It also showed the value of 
providing information to the designer to support design synthesis directly, namely 
the reduction of design time and effort by reducing redesign cycles (Chapter 2). 

In an initial descriptive step, case studies of the CamCane (Section 2.6) and of the 
Rotary Damper (Chapter 4) were used to develop an approach for providing direct 
design support using guidelines (Chapter 3). This was supplemented by studying 
Aguirre Esponda's guidelines and Advanced Composite case studies (Chapter 5). 

The resulting method was applied to a mechanical design protocol (Chapter 6) and 
incorporated in the CED software (Appendix E). The software was used in final 
descriptive studies involving the collection of new guidelines (Chapter 7) and using 
guidelines for design support (Chapter 8). 

10.2 Conclusions 

The Action-Centred Guideline Approach provides a means of effective reuse of 
design information in the form of guidelines by supporting three stages of guideline 
use: collection, storage, and retrieval (Chapter 9). 

Information re-use issues (Section 3.2) are shown in Table 10-1 matched to aspects of 
the Action-Centred Guideline Approach. The approach is able to impact each of the 
issues. In particular, the important role that links play in retrieval is visible. 

1 see for example Bassi! (1996) 
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Table 10-1. Information Re-Use Issues of the Approach 

Collection Stora~e Retrieval and Use 
elicitation entry organisation rationalisation links account format 

and for 
completeness context 

Timely (./) (./) ./ (./) 
Dependable ./ ./ ./ ./ 
Appropriate (./) ./ ./ 
Understandable ./ ./ 

./ drrect mfluence (./) mdrrect mfluence 

10.2.1 Guideline Collection and Storage 

To exploit the Action-Centred Guideline Approach, the guidelines and links must 
first be entered into a database. The dependability and understand ability of 
guidelines in the database relies on good collection. That is: "Is the desired expertise 
being collected as guidelines and links in an understandable form?" Guidelines and 
links were successfully collected from a variety of subject areas using a structured 
collection technique (Chapter 7). 

10.2.2 Guideline Retrieval and Use 

Historically, guidelines are used for both synthesis and analysis (critiquing) but they 
tend to come from different sources for the two tasks. Those guidelines familiar to 
the designer are commonly used for synthesis support. Guidelines from external 
sources, especially in the form of checklists, are used for critiquing. The main 
exception identified in this research is in the case of difficult problems when 
designers explicitly search for guidance. 

It was observed (Chapter 6) that designers may look for potential problems by 
assessing impacts of proposed actions. This is consistent with Eekels' view of design 
decision making (Section 2.3.2) which is a basis for the action-centred model. 
Searching for unknown impacts cannot be done with a direct, explicit search. Some 
other means, such as links, is required to relate desired information to what 
designers are able to find with explicit searching. 

The links provide support for both novices and experts, two groups that have 
differing needs. The Collateral Consequences and Related Issues support the 
experts' need to identify impacts to avoid design oversights. Novices are more 
likely to use an explicit search to find guidelines in an area of interest, but can then 
have trouble applying them. It is argued that the How /Why and Requires 
relationships can help novices implement recommended actions. 

10.2.3 Implementation of a Guideline Support Tool 

The Action-Centred Guideline Approach developed in this research is intended to 
form the basis of a guideline tool for design support. The necessary techniques for 
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Table 10-1. Information Re-Use Issues of the Approach 

Collection Stora~e Retrieval and Use 
elicitation entry organisation rationalisation links account fonnat 
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Timely (.I) (.I) .I (.I) 
Dependable .I .I .I .I 

Appropriate (.I) .I .I 
Understandable .I .I 

.I drrect mfluence (.I) mdrrect mfluence 

10.2.1 Guideline Collection and Storage 

To exploit the Action-Centred Guideline Approach, the guidelines and links must 
first be entered into a database. The dependability and understand ability of 
guidelines in the database relies on good collection. That is: "Is the desired expertise 
being collected as guidelines and links in an understandable form?" Guidelines and 
links were successfully collected from a variety of subject areas using a structured 
collection technique (Chapter 7). 

10.2.2 Guideline Retrieval and Use 

Historically, guidelines are used for both synthesis and analysis (critiquing) but they 
tend to come from different sources for the two tasks. Those guidelines familiar to 
the designer are comm~nly used for synthesis support. Guidelines from external 
sources, especially in the form of checklists, are used for critiquing. The main 
exception identified in this research is in the case of difficult problems when 
designers explicitly search for guidance. 

It was observed (Chapter 6) that designers may look for potential problems by 
assessing impacts of proposed actions. This is consistent with Eekels' view of design 
decision making (Section 2.3.2) which is a basis for the action-centred model. 
Searching for unknown impacts cannot be done with a direct, explicit search. Some 
other means, such as links, is required to relate desired information to what 
designers are able to find with explicit searching. 

The links provide support for both novices and experts, two groups that have 
differing needs. The Collateral Consequences and Related Issues support the 
experts' need to identify impacts to avoid design oversights. Novices are more 
likely to use an explicit search to find guidelines in an area of interest, but can then 
have trouble applying them. It is argued that the How /Why and Requires 
relationships can help novices implement recommended actions. 

10.2.3 Implementation of a Guideline Support Tool 

The Action-Centred Guideline Approach developed in this research is intended to 
form the basis of a guideline tool for design support. The necessary techniques for 
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guideline collection, storage, and retrieval have been developed and tested. The 
CED guideline support tool implements major portions of the approach. The 
description of the entire approach in Section 9.1 can now serve as a product 
definition for implementing a tool that incorporates the entire approach. 

10.3 Further Validation and Development Needs 

The two general areas requiring further work are extension of the basic approach, 
and testing an implementation of the approach in various applications. 

10.3.1 Extending the Approach 

One of the criticisms of directly using guidelines for manufacturability support is 
that they do not provide the quantitative measures necessary to support informed 
decisions (Boothroyd and Alting, 1992). Most of these criticisms are based on 
embodiment design and detail design support. Guidelines provide a unique 
qualitative capability for the early design stages. The links provide a means of 
leading designers to quantitative tools either directly, or by allowing designers to 
follow links to detailed guidelines to explore specific areas in detail. For example, in 
the CamCane study (Section 2.6), a few quantitative details about injection moulding 
feature requirements were used to establish the feasibility of a concept. These 
details could easily be incorporated into the CED using the existing link concept. 

Alternatively, when quantitative measures are not available, designers often resort 
to a relative ranking of options. Since it was observed (Chapter 4) that design 
decisions were influenced by strategies which are representable by principles and 
guidelines, guidelines could be ranked by rating the impact of each guideline on a 
goal or on a principle of embodiment. 

Accounting for this strategic context can be done in a simple manner through an 
extension of the link scheme currently in the CED. By accounting for chains of links, 
less direct impacts could be accounted for, including impacts to various life-cycle 
domains, as well as impacts to goals and principles. For example in the Rotary 
Damper study (Chapter 4), reliability was considered important by the designer. By 
chaining links to the reliability principle as shown in Figure 10-1, suggested 
guidelines could be rank ordered by measures such as the number of links required 
to connect to reliability. Of the two selected guidelines represented 
diagrammatically in Figure 10-1, one is 2 links from the reliability principle and 
possibly more important for reliability that the other guideline which is 3 links 
away. Link chaining would also provide another means of accounting for potential 
secondary impacts between domains. 

The basics of automated link identification were established (Section 5.4). This can 
be further formalised both to improve link identification and rationalisation (Section 
5.2.1). Another avenue for link improvement results from an observation that issues 
tend to be about external principles (performance, economy, and reliability) and 
actions tend to be about internal principles (simplicity, clarity, and unity), thus 
providing another means of identifying links based on structured guidelines. 
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Reliability 

The Action-Centred Guideline Approach was developed to support a stand-alone 
tool for small firms. Integrating the approach with other tools my offer additional 
benefits. In Chapter 6, a means of mapping a recorded design process to guidelines 
was demonstrated. If the technique were applied real-time to a design, a guideline 
could be readily available that represents the current design state. This offers an 
alternative to a query for generating an initial guideline as shown in Figure 10-2. 
Similarly, an initial guideline could be selected by following a link from another tool 
in a manner analogous to context-sensitive on-line help schemes. 

RETRIEVAL 

desired guideline 

Figure 9-4. Mapping to Generate Initial Guideline 
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By maintaining an estimate of the current design step in the guideline database, a 
means of eliciting and capturing rationale is possible (Section 6.4.4). A guideline 
that best fits the design can be proposed to designers. If it indeed represents the 
current state, the guideline can be attached to the design as a record of rationale. If 
the guideline does not accurately represent the current design state, then a guideline 
can be modified or added. This improves the completeness of the database and is a 
pro-active means of gathering rationale from designers. 

Aguirre Esponda's guideline collection contains numerous guidelines relating to 
design methods (tactics) and management (strategies). While these have been 
ported to the CED, they have not been examined nor tested thoroughly, although 
some links go to these guidelines. The focus of the current research has primarily 
been with guidelines at the operational level which vary in degree of abstraction and 
detail, shown by the shaded portion of Figure 10-3. The domain-based classification 
scheme provided a convenient means of categorising these guidelines, but gave little 
insight into how the areas relate. Additionally, collection of design process 
guidelines needs further investigation to determine whether difficulties with 
elicitation (Chapter 7) are fundamental to the area. 

Strategic 

Tactical 

Operational 

Figure 10-3. Guideline Dimensions 

10.3.2 Guideline Applications 

Another criticism of direct guideline use is that fixation on a particular guideline can 
lead to sub-optimal designs (Barkan and Hinckley, 1993; Boothroyd, 1994; Kroll et 
aI., 1988). The links between guidelines should alleviate this to some extent by 
leading a designer to other relevant guidelines and by alerting a designer to possible 
negative consequences of a particular action. A longer term study of the use of a 
CED-like tool is required to investigate this area. 
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Individual designers have personal preferences which should be accounted for in 
the human-computer interface. Guideline wording, the use of whole guidelines 
verses lists, and the use of text verses graphics are all subject to personality 
preferences and should be accounted for. It should be possible to track an 
individual's preferences and learn to provide better responses in areas such as 
guideline style. Charlton did some personal tailoring with the word preference 
learning capability in the associative search system employed in the CED. 

To some extent, which guidelines are actually used is a function of which guidelines 
are collected and therefore available. Guideline usage studies should be undertaken 
in an area covered by as complete a guideline set as practical. 

There is a concern that an expert entering guidelines may not provide all the 
guidelines desired by a novice. Long-term user feedback as well as the case study 
approach can provide input on the guidelines that are needed by novice designers. 
Similarly, it would be interesting to study long-term usage to see whether guidelines 
collected from published sources would be used more or less often than those 
derived from case-studies and experts. 

The current technique was developed beginning with Design for Assembly 
guidelines and refined with mechanical design tasks. It is not certain that other 
product areas will be so well supported. Testing in other domains is required to 
demonstrate this. Initial examination of micro-mechanisms suggests that it will 
work, but some unique guidelines are required (Klaubert, 1997). Similarly, for other 
life-cycle areas testing is required, although initial examination of human factors 
suggests that the Action-Centred Guideline Approach supports it well (Nowack et 
al., 1997). 

Supporting the designer during the early stages of design relies on timely delivery of 
appropriate guidance. Guideline retrieval based on inter-guideline links provides a 
rapid guidance delivery. Links help designers account for impacts in disparate 
domains, such as design and manufacture. Links may also direct novice designers 
to implementation guidance and help expert designers identify undesirable side
effects. 
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A Cam Cane Case Study 

Product development in the CamCane case studies was examined in a Generate
Evaluate-Select framework (Blessing, 1994). The development of the carry strap 
accessory is thus broken out in these terms in Figure A-I. Also shown is the point 
where detail design began. The transition to detail design was much sooner for the 
strap that the clip owing to the fact that standard strap materials and production 
methods were proposed. This is an example of the domain jump inherent with 
using standardised parts (Section 2.3). 

A sample daily log sheet in shown in Figure A-2. The upper half captures the 
subject of the work and the lower half captures the activities. The sheet is an ExceFM 
spreadsheet and textual notes to accompany the time logs are kept as spreadsheet 
notes. A summary of time logged on the accessory case study is included in Figure 
A-3. The columns match the rows of the time logs. 
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B Rotary Damper Case Study 

This appendix provides additional information for the Rotary Damper case study 
presented in Chapter 4. Comments from the Worshipful Society of Turners design 
competition are discussed in Section B.l. Selected guidelines from the case study are 
applied to the action-centred design model in Section B.2. Guidelines used in the 
case study are referenced in the map of the design process included in Section B.3. 

B.l Design Review 

The six issues raised by the judges in the Worshipful Society of Turners design 
competition (Sloan, 1996) are presented here along with a short discussion as to the 
causes of the situation and how guidelines could have been triggered to help avoid 
the situation. 

I-We are told that the unit must last for 100 hours, but not until page 23 are we 
aware that a typical operating period is 2 minutes. It is not clear whether this is 
once only, or whether there are several 2 minute operations, with the 100 hour 
target to ensure that it will work for 2 minutes when asked. 

This comment reflected some confusion on the designer's part as well as how the 
design was written-up. The basic issue was that in space it would be used only once 
for two minutes. It could, however, have to operate for as many as 100 times on the 
ground for checkout and qualification tasks. So perhaps a more realistic time limit 
might have been 100x2=200 minutes. Adding a factor of safety of 2 would then 
increase the number to 400 minutes. 

If guidelines raising issues about ensuring clear specifications and validation of 
assumed operating scenarios had been available to the designer, they might have 
helped the designer identify the area of confusion. These could have been triggered 
by the fact that the designer was addressing testing. 

2-The cantilevers are apparently bonded in position, but the length of the securing 
portion is extremely short, while the size of the fillet radius of bond material 
between the cantilever and the ring will make a significant difference to the 
stiffness of each" spring". 

According to the designer, the short slots were a deficiency that resulted from the 
change in fabrication and assembly following the manufacturability review. The 
wall thickness was originally sized for no slots and when slots were added, the slots 
were made shallow enough so as not to cause the wall to fail based on gut feel, "it 
looked about right". 

It is possible that this could have been avoided if he had been alerted to one of 
several other issues: 
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- look for knock-on effects when patching a design 
- length and depth requirements for bonded joints to keep elements from 

working their way out. 
I 

I . A guideline about looking for knock-on effects could be selected based on the design 
I 
I activity of patching or the fact that design features were being patched. This would 
I be a case of design process guidelines leading to other design process guidelines. 
I 

11 As for selecting a guideline about the joint, the fact that such a joint was being 

I 
worked on should trigger related issues such as joint depth. In other words, a 
feature guideline needs to lead to another feature guideline. 

A cantilever coming loose could jamb the mechanism. So perhaps examination of 
failure modes would have highlighted the mounting slot depth issue. As for the 
fillet radius, guidelines from one of the following areas may have helped raise this 
issue: functional dimensions; looking for process variability; and adhesives. 

3-Surely the damping torque is affected by temperature? This is not discussed, only 
the temperature rise during 2 minutes of operation. What temperature will 
prevail when in use? 

That this was not systematically included in the material selection process was an 
oversight. The operating range was identified and discrete properties such as glass 
transition temperature were examined. This oversight might have been avoided by 
using a guideline that raised the issue of thermal effects on bulk material properties. 
For example, had such a design guideline been incorporated into the material 
selection software, the designer could have been prompted to consider this issue. 

4-There does not seem to be any provision (nor is it discussed) for lubrication of the 
assembly. While fatigue of the cantilever is considered, this must assume that the 
joint between the lever and the ring does not become loose. 

He did look at the lubrication issues but did not discuss it in the competition write
up. Dry lubrication would be used for such a space application. It is not clear that a 
loose joint would cause any fatigue problems. 

5-The rotor shape is unnecessarily complex and not readily machinable. 

A judge made a point of verbally emphasising this one point to the designer as the 
major concern. The designer observed that he totally missed the point of making the 
central hub simpler. He was striving for lightest weight, a driving constraint in 
spacecraft design. He also realised that he doesn't apply "simplicity" to structures, 
but limits it rather to mechanisms. Both problems are the result of being focused on 
past experience in specific domains: spacecraft and mechanisms. A means of 
prompting the designer for simplicity driven issues could have overcome this 
problem. It is also possible that a strategy for guideline selection based on the 
designer's preference for simplicity would have raised the issue for application to 
the roller carrier design. 
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6-Has the tester yet revealed whether PTFE rollers in aluminium alloy will survive 
100 hours at 200 rpm? 

No wear calculation was performed. The technically preferred solution was to use 
levers with the wheels on bearings as mentioned in Chapter 4. This was motivated 
by a goal of removing as much friction as possible to let the material hysteresis be 
the sole power dissipation mode. The roller carrier solution was chosen due to 
simplicity and available design resources. 

He knew at the time that using an unfilled PTFE was not a good idea as was the use 
of aluminium for sliding contact, but he left those design tasks for a later version. So 
this was not so much a design oversight, but rather a premeditated design weakness. 
This course of action would have been supported by a guideline recommending 
deferral of improvements. The guideline selection issue then is how someone with a 
similar problem could receive the same guidance. One avenue is that the conflict 
between desired and achievable features lead to a suggestion to delay improvement. 

In hindsight, the designer saw the value of somebody else examining the design for 
oversights. He had tried to come up with relevant design issues over a period of 
two months. He did find checklists to be of some help in this process. Omission of 
major issues was also an indication of some of the limitations of the SpecBuilder tool 
he used. It was developed to help prompt the designer for appropriate 
specifications and help organise them. As a tool with few contextual hooks into a 
specific design, it has a limited ability to coax out important requirements for a 
specific project domain. 

B.2 Application to the Action-Centred Model 

Guidelines used for the Rotary Damper study were applied to the action-centred 
design model shown in Figure B-1 to provide the action-centred guideline model of 
Section 5.2.2. 

~action 

/"motivates 

issue 

related 
issues 

fulfils? 

supporting issues 

~ffiS 
produces 

consequence 

collateral 
consequences 

produces 

~ 
new 
issues 

Figure B-1. Action Centred Design Model 
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The following examples taken from the guidelines in this study illustrate the model: 

Issue motivating Action: All complete guidelines make this transition. Guideline 
(01644) is an example of an issue, failing to meet constraints, motivating an action, 
searching for a new working principle. 

(01644)When failing to meet the space or weight constraints by other means, the designer is 
obliged to resort to a new working principle. 

Action requiring Supporting Issue: Often a designer must consider a second issue in 
order to perform some desired design action, or even to decide if the action should 
be taken. These supporting issues are sometimes identified in a guideline. 

Guideline (D1036) addresses the number of attachments that should be used. There 
is a caveat that requires loads to be checked, a supporting issue. 

(01036)Balance in design. Use the same number of attachments at each end of a member 
unless loads warrant more attachments with longer member at one end. 

Action with Predicted Consequence: Usually, the consequence of an action is the 
implied satisfaction of the motivating issue. Sometimes however, a specific 
consequence is identified apart from the issue. 

Guideline (D3029) suggests a study as the first step in a design. The consequence of 
this design is the implication that the correct first step was taken, but more 
specifically, the definition of functions will result. 

(03029)The first step in design is a complete and intimate study of the purpose our work is 
expected to serve, so that we can arrive at an adequate and exact definition of its functions. 

Another way that consequences are sometimes predicted in a guideline is by use of 
an example as in guideline (01766). 

(01766)Wherever possible use shapes which can be expected to give satisfactory, that is to 
say, low, stress conditions, such as cylinders, cones, and spherical surfaces. Such surfaces 
are also easy to manufacture. This can be regarded as a law of life, for wherever strength is 
required nature avoids flat surfaces and design exclusively on the basis of circular forms . 

Identified Collateral Consequence: It is the side effects, or collateral consequences of 
a course of action that ultimately sanctify it (Eekels, 1993). These issues are often 
missed and can result in failed designs. 

Guideline (D417) explicitly brings the impact to operational reliability into the 
decision process. 

(0417)Most of the time the use of redundancy is not justified, because of additional cost and 
space, but is more than worthwhile if the advantages which accrue from the increased 
resulting operational reliability are considered. 
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While the main issue in guideline (D1237) is material cost reduction, factory 
overhead is impacted as well. 
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I (D1237)Minimising the number of parts not only reduces material costs but is one of the 
1- keys to controlling factory overhead. 
I 
I 

Guideline (D1572) identifies the impact of material distribution on buckling. 

(D1572)For efficient development of bending resistance, the material of the section should be 
so disposed as to maximise its effect on the relevant axis. The degree to which this theoretical 
process can be carried out is limited by the possible onset or local buckling in very thin 
flanges subject to compressive loads. 

In guideline (D1766), manufacture is identified as a collateral impact. 

(D1766)Wherever possible use shapes which can be expected to give satisfactory, that is to 
say, low, stress conditions, such as cylinders, cones, and spherical surfaces. Such surfaces 
are also easy to manufacture. This can be regarded as a law of life, for wherever strength is 
required nature avoids flat surfaces and design exclusively on the basis of circular forms. 

Identified Related Issue: Many issues that designers deal with have other issues that 
are somehow related, but not necessarily a direct consequence of the motivating 
issue. 

One means of indirectly identifying related issues is to identify related topic areas 
which would then contain other guidelines. In a somewhat trivial manner, guideline 
(D483) identifies preliminary design as an area to be addressed. 

(D483)Once an alternative has been selected we enter the domain entitled preliminary design 
and development. At this stage, layout drawings showing machine or system interfaces are 
made to determine the overall configuration and to establish functional relations between 
various parts or the machine or system. 

Guideline (D1887) does not identify a related issue under the proposed model, but 
rather identifies a series of alternative actions, all of which address the issue of 
fitting the form to space conditions. 

(D1887)Vary the form of the unit being designed or change its layout, to adapt it to the 
space conditions specified for it. Other aids serving this end are the subdivision into smaller 
units, the use of high grade materials, and the adoption of welding. If these devices fail to 
give the desired result, the designer is obliged to resort to a new working principle. 

Identified New Issue: When the recommended action is 11 consider a given issue", 
the consequence is the identification of the new issue. In other cases it is less straight 
forward however. 

In guideline (D459), the suggested action is to check for environmental effect, but a 
number of specific new issues to address to do this are listed. 
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(D459)It must be checked that the design is suitably stressed for environmental effects of 
vibration, temperature, humidity, dust, etc., and that all the components are physically and 
functionally compatible with each other. 

Guideline (D2130) is not well written from an action guideline perspective, but if the 
issue is how to choose a working principle, the action is to use clarity. Then, the new 
issues are cause-effect relationship, and orderly flows. 

(D2130)Clarity - working principle: The chosen working principle must, in respect of the 
physical effects: 
- Reveal a clear relationship between cause and effect, thus ensuring an appropriate and 
economical layout 
- Guarantee an orderly flow of energy, material and signals. If does not, undesirable and 
unpredictable effects such as excessive forces and wear may ensue. For this reason alone, it is 
advisable to avoid the so-called 'double restraints', the more so as they can cause further 
difficulties during production and assembly. 

In a manner similar to guideline (D459) above, guideline (D3067) addresses the 
means to carry out consideration of fitness. 

(D3067)Principle of fitness. The first source of form, which is also an incessant variable is 
the principle of fitness. The principle of fitness is divided in three phases: 
- Fitness to function 
- Fitness to materials 
- Fitness to techniques. 

Guideline (D3105) includes possible new issues by way of providing a suggestion or 
example of a model. 

(D3105)When it is necessary to supplement the imagination this may be done by using a 
model. By far the most widely used type of model is a drawing, most often in right angle 
projection. In this sort of projection much of the easiest objects to sketch are those that 
broadly consist of planes parallel to the projection planes. 

B.3 Guideline Map 

The issues, alternatives and selections in the studied design strand were visually 
mapped out as shown in Figure B-2. A key to the diagram is included in Section 4.2. 
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C Guideline Organisation 

This appendix includes a sample set of organised guidelines as discussed in 
Chapter 5. Guidelines from the advanced composite case studies are included in 
Section C2. Additional discussion of the link development in Section 5.3.2 is 
included in Section C3. Finally, in Section CS, examples from the domain-based 
classification scheme are presented. 

C.l Organising Guidelines 

The result of clustering guidelines by Kreuger (Section 5.2) is shown in Figure C-1. 
The guidelines were grouped by themes as shown in each box along with the 
number of guidelines in the group. Where a guideline was added to fill a logical 
void, it was noted with an asterisk. Details of the" assembly direction" and "vertical 
assembly" groups are as shown in Figure C-2. 

plan for 
easy assembly* 

how 

ALL IN GROUP 

reduce part 
number count 

2 

avoid flexible 
components 

2 

Figure C-l. Guideline Clustering 

how 
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assembly direction 

1222: Minimise the 

vertical assembly 

1223: Gravity is the greatest 
ally of assembly 

1 why 

1224: All assembly should be made 
from the vertical direction 

1 altem,,'v, 

1225: If assembly cannot be made 
from the vertical direction, the 
fixture should be designed to allow 
the base to rotate for vertical 
assembly 

Figure C-2. Guideline Clustering Detail 

C.2 Advanced Composite Guidelines 
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The guidelines collected from the composite cases (Section 5.3) are listed below 
(Tables C-l and C-2). The C numbered guidelines were collected by the novice and 
the E numbered guidelines were collected by the expert. The guidelines are 
followed by numbers which refer to the relevant sources which are: 

1 camera monopod 
2 spacecraft deployment boom 
3 automotive half-shaft 
4 pole vault 
5 industrial drive shaft 
6 automotive prop-shaft 
7 pressure bottle 
8 printing drum 
9 pump flex-shaft 
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Table C-l. Composite Guideline Set 
Guideline and Number Source 
Cl For low-volume high performance products, a betterlerfOrrning but more difficult to 2 

manufacture component may be cost effective by re ucing the amount of analysis required. 
C2 Ensure positive alignment for fitting operations 5 
C3 Allow proper clearance for adhesive in a joint 5 
C4 The use of stepped clearances in an adhesive joint may aid assembly and ensure a region of 5 

_J)roper bonding, but at the expense of ioint efficiency. 
CS Post-assembly inspection of adhesively bonded joints is difficult, so ensure proper design and 5 

assembly preparation 
C6 Accommodate standard manufacturing tolerances in joints and fittings or if not pOSSible, I 

provide one-time assembly adiustment. 
C7 If mounting and demounting of a component is not required, consider an adhesively bonded 5 

ioint. 
C8 If mounting and demounting is required for composites, an interface fitting or insert may be 5,3,6 

required which is permanently secured to the composite. 
C9 Seek smooth force flow transitions 3 
CIO Joints may require a transition zone to ensure smooth force flow I 
Cll When using standard sections, locate force transition zones in the fitting of a ioint if possible 5, I 
Cl2 Design a joint to keep the adhesive in compression or shear, and avoid peel. 5 
Cl3 A mechanical fastener can be added to a bonded ioint to ensure preload. 5 
Cl4 Avoid surface point loads and surface abrasion on composites. I 
Cl5 Use performance indices for material and shape selection. I 
Cl6 Eliminate a finishing step by fabricating in final colour. I 
Cl7 Consider an expendable jig or mandrel, i.e. one that becomes part of the final product. 3,4,6 
El Use minimum number of winding angles 6,8,9 
E2 A void large differences in winding angles between each p]y_ 6,8,9 
E3 There is a critical mass of end fitting which depends on the overall size of the shaft 6, 8,9 
E4 Transfer of stress between the composite main body and metallic end fitting should be as 

gradual as possible. 
6,8,9 

ES Wound-in end fittings are more suited to large shafts, where as bonded fittings are more 6,8,9 
suited to small shafts 

E6 Leaving mandrel (if light after winding saves subsequent removal, eoduction time and cost if 6,8,9 
appropriately designed can contribute to the properties of the fina shaft combination. 

E7 Account for corrosion between composite (particularly if carbon fibre and metallic end fittings . 6,8,9 
E8 Shaft misalignment and/ or axial movement of end fittings can overstress shaft (abuse load 6,8,9 
E9 Protect composite from surface damage (resin rich layer, lacquer, or paint 6,8,9 
ElO Low winding angles and large diameter, thin walled shafts lead to low diametrical stability 6,8,9 

and buckling. 
Ell Composite shafts have enhanced damping properties compared to metallic shafts. 6,8,9 
El2 Composite shafts have lower mass and hence higher resonant frequencies. 6,8,9 
El3 Use of high modulus fibres leads to higher actual stiffness and hence reduces the tendency 6,8,9 

for the shaft to "whirl" (transverse vibration. 
E14 Filament wound structure alone is not leak proof and therefore vessel (especially for high 7 

pressures requires a liner or bladder (plastic, metal, or rubber. 
EIS Metal end-fittings are necessary because of high localised stresses at neck and the need to use 

standard gas-fittings. 
7 

El6 Overwrapping metal bottles has advanta~es over an all compOSite/metal end fitting design 7 
because it already has a gas tight liner an metal ends and is its own mandrel. 

El7 Multiple layers lead to extensive fibre build-u~ at the ends and causes difficulties in 7 
accurately controlling fibre angle because of c anging profile of surface. 

El8 Portable cylinders suffer extensive surface dama~e if not looked after leading to sub-optimal 7 
designs carrying protective materials or sacrificia layers. 

El9 Pressure bottle manufacturing industry is extremely safety conscious and therefore very 7 
reluctant to use new materials and techniques. Filament wound composites are non-
traditional for pressure bottles. 

E20 Micro-cracking of composite as the result of bottle damage may not be as easily detectable as 7 
for metal. 

E21 Vertical cylinders require a flat base for storage making it difficult to wind - necessitates 
possibly a base skirt attachment. 

7 

E22 Spherical bottles make more efficient use of wound structures. 7 
E23 Filament wound pressure vessels are designed on the same basis as metal pressure vessels, ie 7 

leak-before-break. 
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C.3 Link Refinement 

The guideline set created by placing the composite guidelines into the DEG set was 
used to study link relationships (Section 5.3). The DEG guidelines used are listed in 
Table C-2 and the links are listed in Table C-3. Identifying main links, those based 
on main issues or effects of related guidelines, was relatively straightforward. 
Secondary or collateral links were less obvious. One observation about 
identification of topics to accompany each guideline is that it was implicitly assumed 
both guidelines were acting on the same design object or feature. This is an 
important consideration for guidelines with multiple possible perspectives. 

The How /Why links worked well, although the Why link often seemed trivial. A 
specific problem occurred between (DI332) and (C7). In this case, (C7) provides 
additional information on when to apply a bonded joint. Guideline (DI332) 
provides supporting rationale for (C7) and as such is a Why to (C7). It is the reverse 
link that is not clear. It is more of a "when" type of requirement or in what context 
to apply than a "how" to apply. 

(C7) If mounting and demounting of a component is not required, consider an adhesively 
bonded joint. 

J- Why i ? 
(DI332) Principle of joining. The most attractive method, in principle, for joining two 
materials is the use of an adhesive. 

The Alternative link seemed to work well. The Similar, Related, and Same links 
seemed redundant and it was possible to just use the Similar link. The Consequence, 
Requires and Impacts links seemed to work well, although an Impacted By link was 
added as a complement to the Impacts link. The Explanation, Definition, Support, 
and Example links all seem to perform the same function of clarifying a guideline. 
However, a more general category to contain all of these was not obvious. As 
discussed in Section 5.3, identifying collateral issues was not straightforward. 

Guideline (C4) had an internal consequence - the reduction of efficiency. Ideally, 
this should be linked to a definition or example to explain what is meant by 
efficiency. Guideline (D617) addresses use of efficiency measures and should 
possibly be connected to examples. If both (C4) and (D617) were connected to the 
same example, there would have been a means of getting from the suggestion to use 
an efficiency measure to a design suggestion that could adversely impact it. Some 
guideline network reduction or rationalisation rules would be required to manage 
such sets and provide links between guidelines. For example, adding guideline (C9) 
could have been avoided as (D2198) already served the same purpose. 

A Similar link was used to connect guidelines consisting of lists of issues to a 
guideline containing one issue from the list. An example in this set is (DI701), a list 
for lightweight construction, and (DI704), dealing with supporting and mounting. 
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(D1701) The designer aiming at lightweight construction should bear in mind: 
1. Try to clarify the static and dynamic force conditions 
2. Try to secure a maximum symmetry in force application 
3. Provide suitable supporting and mounting arrangements 
4. Choose a method of construction offering maximum compactness 
5. Design for the most favourable possible flow of forces 
6. Ascertain points giving rise to notch effects and eliminate them 
7. Use suitable sections 
8. Use hollow or cellular construction 
9. Stiffen flat surfaces by suitable supports, swages and ribs 
10. All factors related to fabrication by welding. 

-i i Similar (supporting and mounting) 
(D1704) Provide suitable supporting and mounting arrangements 

181 

An additional guideline network rationalisation issue that arose with these two 
guidelines was whether a guideline that is a child (i.e. a How) of the single action 
guideline such as (D1704) should also be a child of a multiple action guideline, or 
list, such as (D1701). Such a guideline in this set is (C8) . The existing rules for 
establishing links would put a link to both (D1701) and (D1704). In the interest of 
limiting the number of links, just a connection with the single guideline, (D1704), 
was considered suitable. A general policy in the exercise was made to attach 
guidelines and examples to the most closely aligned guideline. This was applied to 
mean that a list conveying many topics was less closely aligned to any individual 
topic than an appropriate single topic guideline was. 
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Table C-2a. DEG Guidelines Linked to Advanced Composite Guidelines 
D230 Minimise production steps. Plan for the smallest possible number or lowest cost combination of 

separate operations in manufacturing the product. 
D238 The most obvious way to cut costs is to eliminate or combine tarts to obviate the expense of 

attaching or assembling. However, the opposite possibility 0 breaking down an overly complex 
part into two simpler parts, is cheaper to produce and should not be overlooked. 

D260 Provide for accurate location and non-interference of parts during assembly by checking the 
following loints: 
(1) A goo design lrovides for the correct location of Fearts, and for easy assembly and repair. 
(2) Shapes can be eSifeed so parts cannot be assemb ed backwards or in the wrong place. 
(3) Interferences must e foreseen and prevented. 
(4) Inaccurate alignment and ~ositionin~ between assemblies must be avoided. 
(5) Provision must, by flexibi Ity, be ma e to minimise any resulting detrimental displacements and 
stress. 

D277 During the redesign of a product it might be suggested that a screw, nut and washer might be 
r~aced by a rivet, or alternatively, that the parts mif,ht be joined by weld~ or b7t the use of 
a esives. This would eliminate at least two assemb y operations but woul resu t in a product that 
would be more difficult to repair. 

D581 Principle of ideal joints. A well designed tint should a~proximate as closely as llossible to the 
continuous form which would be adopte if no joint were needed. One way 0 looking at this 
princifle is to image an ideal joint, consisting of a simple cut through an unbroken cylinder (or other 
shape which is then stuck together again with an ' ideal glue' as strong as the cut material but 
capable of being dissolved at will. 

D664 Where a strong enough adhesive is available, as in the case of wood, a glued joint realises the ideal 
form. 

D730 Reduce to a minimum of the number of processes and operations. 
D940 Before or during design of a part consider: Why you need it - can you eliminate it. 
D973 Could lap joints be substituted for irregular shaped butt joints to avoid close tolerances on trimming. 
D984 Will lap joints and adjustments avoid fitting, trimming, filing, etc., required in the assembly 

operation. 
D1153 Eliminate! function actually needed? There is nothing that will cut costs as dramatically as finding 

a way to eliminate a part or assembly all together. This is the first criterion of value engineering. 
D1174 Design-to-cost checklist: 

- Can the specification be changed to effect a cost reduction? 
- Can desifa be chanted to simplify parts? 
- Can stan ard parts e used? 
- Can the number of specified materials be reduced? 
- Can standard bought-out parts replace anl schedule items? 
- Can design be changed to eliminate parts., Can all the parts be eliminated easily? 
- Can the product be assembled without the use of special tools? 
- Can tarts be held (clamped) durin~ manufacture?, Can design be changed for ease of 
manu acture?, Can life red\uirement e met by all p'arts? 
- Can the product be han ed and transported eaSIly? 

D1332 Princt,le of joining. The most attractive method, in principle, for joining two materials is the use of 
an ad esive. 

D1376 The performance level achieved by a design is a trade-off with both the cost of the resources used 
and the time taken. If there is to be a higher level of performance achieved, then there must be 
either: 
1. More cost for materials and resources used, or, 
2. More time taken, or, 
3. A trade-off with both time and cost. 

D1629 In joint design make the brid~es as short as possible. The lonjer the bridge is, the more material is 
needed. Two steel plates loa ed in tension and to be fastene at their en s, could best be joined by 
butt welding. If the ends were overlapped and welded, material would be wasted; the bridges 
would be longer and the joint heavier. So: keep the bridges as short as possible. 

D1630 In joint design shape the parts in the vicinity of the bridges in such a manner as to separate the force 
flows as ~adually as possible in order to maintain a uniform stress-distribution. In other words: 
channel t e force flow uniformly into the joint. 

D1634 The efficiency of a joint can be improved by providing intermediate stress-gathering channels 
connecting the major body shape to a few fasteners. 

D1701 The designer aiming at lightweight construction should bear in mind: 
1. Try to clarify the static and dynamiC force conditions 
2. Try to secure a maximum symmetry in force application 
3. Provide suitable suyporting and mounting arrangements 
4. Choose a method 0 construction offerinfi maximum compactness 
5. Design for the most favourable possible ow of forces 
6. Ascertain ~oints giving rise to notch effects and eliminate them 
7. Use suitab e sections 
8. Use hollow or cellular construction 
9. Stiffen flat surfaces by suitable supports, swages and ribs 
10. All factors related to fabrication oy welding. 
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Table C-2b. DEG Guidelines Linked to Advanced Composite Guidelines (Cont.) 

D1896 The following are general criteria for machine design: 
- Safety 
- Performance - the degree to which the design meets the design objectives 
- Reliability - high pro ability that the device will reach its design life 
- Ease of manufacture 
- Ease of service or replacement of parts 
- Ease of operation 
- Low initial cost 
- Low operating and maintenance costs 
- Small size an low weight 
- Low noise and vibration; smooth o~eration 
- Use of available materials and purc ased components. 

D2009 Standard colours carried by the manufacturer should be used. 
D2130 Clarity - working FarinCi~e: The chosen working hrinctle must, in respect of the physical effects: 

- Reveal a clear re ations ip between cause and e fect, t us ensuring an appropriate and economical 
layout 
Guarantee an orderly flow of energy, material and Signals. If does not, undesirable and 
unpredictable effects such as excessive forces and wear may ensue. For this reason alone, it is 
advisable to avoid the so-called 'double restraints', the more so as they can cause further difficulties 
during production and assembly. 

D2133 Remedies against corrosion accompanying erosion, cavitation and abrasion: 
Reduce the vibration inside the pipes by reducing the flow velocity inside them and/or change the 
distance 

between the supports 
- Increase the gaps so that no rubbing contact takes place 
- Increase the wall thickness of the pipes, thus increasing their stiffness and the tolerable corrosion 
rate 
- Use pipe materials that readily accept protective coatings. 

D2157 ApprO~riate selection of materials determines the production procedure, the manufacturing 
metho s, the materials handling and quality control. 

D2198 Sha~e changes designs matched to the flow lines of force avoid sharp deflections of the transmission 
hiat and sudden changes in cross section, thus preventing the uneven distribution of stresses with 

igh stress concentrations. 
D2199 All in all, we can say of the transmission forces that: 

- The flow lines of force must always be closed 
- Sharp deflections of the flow lines of force and changes in the 'density' of the lines resulting from 
sudden changes in cross sections must be avoided. 

D2200 In general the designer will try to avoid sudden changes of direction in the flow lines of force, that is 
force transmission path, caused bysharp deflections and abrupt changes of cross section. 

D2343 In the interest of reliability, any nonessential functions should be eliminated. 
D2404 A good design will provide easy access for cleaning and inspection. 
D2690 With re~ard to the kosition or concentricity of features on assembled details, it may prove more 

tractica to assemb e and secure the details together with machining allowances on appropriate 
eatures. 

D2841 It is imlr0rtant for the desireer to consider configuration and materials and manufacturing together 
at the "rst opportunity rat er than to make selections of these factors independently. 

D3009 Make a complete motion study of all the operator will have to do from the insertion to the 
withdrawal of the component from the iig. 

D3010 Determine the number of components it is expected the jig will be required to produce. 
D3054 In the superlative rightness of certain modem aeroplanes'cE0wer plants and machine tools, 

highways and bridges, nothing has been admitted which id not contribute to performance, and 
forms have been determined solely by efficiency, materials and processes. 

D3159 Minimise troduction steps. Design for the minimum number of separate operations in machining, 
finishing, orming, moulaing, casting, fabrication, and assembly. 

D3389 Make sure that disassembly is equally practicable as assembly. Where certain comEonents may 
require to be replaced or inspected penodically try to Jerrnit this without the need or disturbin~ 
otner components. Consider whether servicing woul be ~racticable in all conditions under whIch it 
might be necessary. Fit quick release fasteners when spee y accessibility is essential. Provide 
extractor slots or tappings where necessary. 
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Table C-3a. Guideline Links 

~~de- outbound issues related inbound links issues 
links guide-line 

Cl why performance 3054 how hi~h performance, low 
contribution vo ume production, 

analysis 
impact/neg ease of manufacture 1896e alternative ease of manufacture 
why performance, time, cost 1376b how manufacture, analysis 
example manufacture, boom 

performance analysis 
C2 how location, assembly 260a why alignment, fitting 

example bonded joint alignment drive shaft 
C3 why bonded ioint C7 how clearance 

impact/neg alignment 260d impacted by adhesive joint clearance 
similar stepped clearance C4a,b similar proper clearance 
why difficult inspection CS how clearance 

C4 similar proper clearance C3 similar steJ)ped clearance 
example stepped clearance bond drive shaft 
def joint efficiency 

CS alt inspection 2404 alt adhesive joint 
how joint design 581 why adhesive ioint inspection 
how clearance C3 why difficult inspection 

C6a why machining allowances 2690 how joints 
tool process tolerances CMS 
how l<!p ioint 973 why standard tolerance 

C6a,b how lap joint 984 why_ standard tolerance 
example compliant fitting Cam-Cane 

C7 impact repair, assembly steps 277 impacted by bonded joint 
alt removable, composite 

materials 
C8 alt bonded joint 

def/ex joint types 
why adhesive joint 1332 related permanent ioint 
how bonded ioint 664a why permanent joint 
how adhesive loading C12 why permanent joint 
how clearance C3 why bonded joint 

C8 alt bonded joint C7 alt removable composite 
materials 

similar disassembly 3389a similar composite materials 
example composite fitting half-shaft 
example composite fitting prop-shaft 
example composite fitting drive shaft 

C9 how shape changes 2198 similar flow lines 
how ioints 1630 why flow lines 
similar working principle 2130c similar shape change, force flow 
similar lightweight design 1701f similar force flow 
similar force flow line density 2199b similar cross section change 
similar direction change 2200 similar cross section change 

ClO impact bridge transition zone, 1629 impact bridge transition zone 
material consumption 

why channel force flow 1630 how transition zone 
how cross section changes 2198 why transition zone 
how stress gathering channels 1634 why transition zone 
how standard section ioints Cll why force flow 

Cll why force flow ClO how standard section joints 
example ioint transition zone drive shaft 

C12 why permanent joint C7 how bonded joint 
how compressive preload C13 why adhesive loading 

C13 why_ adhesive loading C12 how compressive load 
C14 how abrasion, protective 2133e why composite 

coating 
C15 why configuration, materials, 2841 how performance indices 

manUfacture 
tool CMS 
why production jJroced ure 2157 how performance indices 

C16 why minimise production 230 how finishing, colour 
steps 

why minimise production 730 how finishing, colour 
steps 
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Table C-3b. Guideline Links (Cont.) 
why minimise production 3159 how finishing, colour 

steps 
example composite pultrusion Cam-Cane 
similar standard colour 2009 related fabricate in colour 

C17 why minimise production 230 how expendable jig/mandrel 
steps 

why minimise production 730 how expendable jig/ mandrel 
steps 

why minimise production 3159 how expendable jig/mandrel 
steps 

alternative motion study 3009 alternative expendable jig/ mandrel 
similar jig life 3010 similar expendable jig/mandrel 
example filament winding half shaft 
example composite prepreg wrap pole vault 

C18 impact reliability 2343 how lightweight construction, 
secondarv effects 

impact costs, attaching, 238a how lightweight construction, 
assembly secondary effects 

impact eliminate part 940 how lightweight construction, 
seconda!}'_ effects 

impact value engineering, coat 1153 how lightweight construction, 
secondary effects 

impact design to cost 1174f how lightweight construction, 
secondary effects 

C.4 Domains 

Each domain may be addressed at various levels of resolution or application as well 
as at different levels of concreteness or abstraction. In general, progression through 
the artefact domains from goal to construction increases design concreteness. 
However there can be a wide variety of concreteness addressed within each domain. 
Levels of resolution are broken out for each domain as shown in Tables C-4, C-5 and 
C-6 below. General guidelines and information are assigned to level 1. If multiple 
levels are present in a guideline, the higher level is assigned. 

Table C-4. Artefact Domains 

Goal Function Working 

0 enterprise enterprise enterprise 

1 product/project product/ project product/ project 

2 systems function structure layout 

3 elements functions devices 

4 
5 

Goal Domain: 
Properties (internal or external) desired in the final design. 

Function Domain: 
Effects the product is to create. 
Mode of operation. 

Construction 

enterprise 

P!oduct/ J>roject 
product structure 

component 
feature 
parameter 
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Working Domain: 
Means to create required effects 
General layouts 
Interfaces / w k surface 
Sizes 
Kinematic devices 
General device behaviour 
Working principles (redundancy). 

Construction Domain: 
Specific shapes 
Dimensions 
Specific behaviour 
Number of components. 

Table C-S. Life Cycle Domains 

Manufacture 

0 enterprise 
1 plant 
2 production line 
3 process 
4 operation 
5 operation step 

Manufacture: 
production cost 
raw materials. 

Usage: 

Operation 

enterprise 
activities 
operating sequence 
operations 

operation step 

operating environment. 

Table C-6. Design Process Domain 

Design Process 

0 management strategy 
1 management tactics 
2 management operations 
3 project strategy 
4 project tactics 
5 project operations 

Project Strategy: 
What to do, when to do it. 

Project Tactics: 
What to do to A to accomplish B. 

Project Operations: 

Disposal 

enterprise 
activities 
operating sequence 
operations 

operation step 

How to do it, how to impact the design. 
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D Protocol Study 

The codes used in the detailed protocol event analysis (Section 6.2) were as shown in 
Table D-1 and the number of occurrences of each were as shown in Table D-2. 

Table D-l. Protocol Analysis Categories 
Action Group Basic Area Addressed Sub actions & Areas Notes 
d design object di design object issue g general reference 

e ext. source 
s satisfied end of a strand 
a assess understanding, clarity 
d derived rationale, goals 
i matching to earlier issue also searching for 

dp object proposal g general reference 
nnew 
r refine, change 
s select proposal 
a assess acceptability value judgement, doable 
c confirm situation local context 
f search for 
i match to earlier issue 

dq consequence s search for 
iidentifyconsequence c collateral 
a assess impact of conseq .. doable 

dt situation c context info collect, assum,,-tions 
dr address rationale a analogy, example 

g general guidance guidelines 
p design pi process issue e external 

process d derived motivating issues 
pp process plan g general reference 

s select plan strategic level pa 
a assess plan 

pqconsequenceofJPlan s search for future 
i identify 
a assess impact of conseq. 

pe address current activity g general reference present proposals 
d document, draw 
c context extract. 
a assess doable 
i match to earlier issue ID, search for 

pa consequence of activity s search for past, present 
i identify impact, c collateral 
a assess impact effectiveness, result 

pt PJocesssituation i identify process used past, existing 
a assess effect, status, capability 
c context situation specificguid., rationale 

pr activity rationale a analogy/example 
g general guidance guidelines 

o other 

I 
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Table D-2. Detail Code Count 
Code Count Code Count 
di 2 4 
dia 8 115 

63 5 
62 5 
3 17 
3 45 
5 11 
76 3 
95 11 
14 2 
10 4 
175 5 
4 13 
31 4 
11 2 
4 12 
16 8 
51 13 
5 22 
16 18 
17 20 

10lD 

In coding the protocol data, it was found that in most cases local context activities 
could not be reliably discerned from others dealing with design objects. Areas 
where it is clear are coded as an object-confirm (dpc), that is, the current status of the 
design is confirmed. 

Categories dqa and dpa were fundamentally the same analysis actions, on similar 
subjects. What was different was the relationship to the current subject or object. 
One was assessing the active object (dpa) and the other was assessing an impacted 
object 

Most of the "other" actions were long pauses or interactions with the test conductors 
and a few were exclamations of unknown intent. 

Examples of actions seen in the protocol were as shown in the following examples. 

Generalising 

Time 
0:23:36 
0:23:37 
0:23:38 
0:23:40 
0:23:41 

Desi er Comments 
and is located and is held 
again with a hex head 
or an alien head 
or a rivet 
or something 

Time Desi er Comments 
0:27:36 this could be screwed in 
0:27:37 or whatever 

Desi er Actions 
issue 
proposal 
alternative proposal 
alternative proposal 
generalising 

Desi er Actions 
proposal 
generalising 
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Checking 

This was to determine if an issue is fulfilled, also it identified the end of a design 
strand if successful. 

Time Desi er Comments 
0:23:43 to hold the whole thing together 

0:23:51 now we have got the rotation in the beta 
direction taken care of 

Validating 

Desi er Actions 
issue for previous proposal 
checking for additional issues 
previous issue(s) satisfactorily fulfilled 

These actions served to confirm that an issue or action was motivated by 
requirements, either given or derived. 

Time 
0:21:35 
0:21:42 
0:21:47 
0:21:56 
0:22:08 

0:22:10 
0:22:11 
0:22:17 
0:22:21 

Desi er Comments 
that held rotation in two directions 
with a simple operation 
I mention simplistic operation, have they 
hurnhurn 
it should be possible to position the device at 
any angle within the range indicated 
the mechanism should be operated manually 
and with minimal force 
Well the force is what we have on the handle 
The optical device should maintain its set 
position 

0:22:31 Yes, I want to go for simplicity 

Impact Search 

Desi er Actions 
issue 
issue 
potential issue to be validated 
searching for simplicity as requirement 
reading requirements 

reading requirements 
reading requirements 
extracting info from design 
reading requirements 

confirm issue 

This action involved searching for impacts and was usually accompanied by 
selection and assessment. 

Time 
0:26:28 

0:26:29 
0:26:30 

Desi er Comments 
now why haven't we got the wall on this 
side? 
well I suppose we could do 
we could put the wall on this side 

Impact Assessment 

Desi er Actions 
proposal raised 

searching for problems with the idea 
negative result of search for impacts 

Assessing impacts was often done by playing out a course of action. 

Time Desi er Comments 
0:17:55 but that is wasting money 
0:17:57 to try and do that on an angle 

0:17:58 and break the drill 

Desi er Actions 
assessment of impact 
course of action (issue) to address 
looking for consequences 
consequence of course of action 
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Conflict Identification 

Potential conflicts were often identified by finding issue-object pairs that were 
incompatible. 

Time 
0:21:06 

0:21:08 

0:21:14 

0:21:18 

Desi er Comments 
and this is the ann 
(has a length) 
that ann can be as long as you reasonably 
want it to be 
to make sure that you can apply enough 
torque to the screw 
and it can be kept as short as you want it to 
be 

0:21:20 to make sure ... so that no idiot can strip the 
thread on it 

Assessment 

Desi er Actions 
selected proposal 
ID attribute? 
proposal (goal oriented) 

ID issue 

proposal (goal oriented) 

ID issue 

Assessment of a form object was often against specific criteria. 

Time 
1:02:59 
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Assessment of the design process often involved a retrospective examination of the 
previous design process. 

Time 
0:56:00 

0:56:02 

Desi er Comments 
it does seem possible for me to draw this 
whole in one view 
that surprises me, I did not think I would be 
able to 

Design Process-Design Form links 

Desi er Actions 
process conclusion 

retrospective assessment 

Design process proposals were often identified as a means of accomplishing some 
form objective. 

Time 
0:33:55 
0:33:56 

Desi er Comments 
will I need to build up two views together 
because I have to keep those six inches 
under control 

Determine Causality 

Desi er Actions 
resultant design process issue 
causal fonn development issue 

Time Desi er Comments Desi er Actions 
0:24:06 if it has to be that beta is plus 15 and minus issue 

zero 
0:24:08 we could build stops into any of these 

designs 
0:24:10 that is interesting I only realised that 

limitation later 
0:24:14 I am thinking in series 

object proposal 

anomaly 

identified cause of anomaly 
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Using Process Analogies and Rationale 

Time Desi er Comments 
0:37:35 I am now uncertain where to put the first 

line 
0:37:39 and that is a matter of personal uncertainty 
0:37:48 whenever I am laying carpets at home I hate 

committing myself to the first cut 
0:37:53 and this is a bit like laying a carpet 

Delaying 

Time 
0:27:36 
0:27:37 
0:27:38 

Desi er Comments 
this could be screwed in 
or whatever 
I will think about that later 

Use of External Guidance 

Desi er Actions 
design issue 

assessment / domain ID 
part of analogy considered relevant 

analogy identified 

Desi er Actions 
proposal 
generalising 
delaying or postponing 

Explicit external guidance often came in the form of guidelines and examples. 

Time Desi er Comments 
0:27:50 the thread can go all the way through then 
0:27:53 which is what I always was taught to do 

Desi er Actions 
form proposal 
motivating guidance 

191 

While data incompleteness prevented automating the identification of design tactics 
from the ungrouped protocol, some trends were evident as shown in Table D-3. 

Table D-3. Observed Composite Actions 

Observed Actions Key lAC elements/sequence 

generalising proposal-proposal(less detailed) 
checking issue - fulfilled proposal-issue(previous )-assess 

- not fulfilled 
impact search proposal! or / issue-search for impacts-[ conseq.] 
iml)act assessment proposal-consequence-assess 
identify conflicts proposal-issue / proposal(l )-issue / proposal(2) 
ID design process-form links issue(form)-issue( design process) 
use analogies issue-analogy 
validating issue or action issue-[ search] -issue (previous ) 
delaying proposal(design process, delay) 
use external guidance guideline 

.. 
[xx] optional, (xx) qualifier 
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The translation used to identify initial action-centred model elements from the detail 
coding is shown in Table D-4. 

Table D-4. Code Translation 
usage model element di dp dq dt dr pi pp pq pe pa pt pr 0 

" e s a d i " n r S a c f i i s a c a " c d " s i a " d c a s i a i a c a " 
issues • I· . , , • i , ; , . I i' i' I ' I, , ! 
actions ! 1 ' , ! , . • I· . , . , , , i 

long term o! 0 

consequences ! , 
! ' , . , . . . 1 ' 

. , . 
colateral consequences i 0 

, . . . . . 
context ! 
design object • I · , . ,! 

motivates I 
produces consequence ! i 0 , I 
produces new issue ! 'I , ' , 
produces col conseq 1 ! ' i 0 , 1 ! ' 
requires I , , , 
related issue i 
tie to larger context , i i . , , i . , , 
tie to design situation , ! , , ' 
fulfills I' 1 0 

why , . , i i ' , , • i 

guidelines 
examoles I I I· ! , j I 
Key . directly related , Indirectly related 

Using the detailed codes, the estimated number of I-A-C cycles based on issues 
could be calculated as: 

L ( die + did + pie + pid -die/ die - did/ did - pie/pie) 

= 62 + 63 + 3 + 11 - 31 - 10 - 1 = 84 

where die/ die denotes instances of die being followed immediately by another die. 
These were subtracted from the total as it was assumed that the second reference 
was not to a new issue but rather an elaboration of the issue addressed by the 
preceding occurrence. 
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E Guideline Software 

E.1 Software Development 

The Cambridge Engineering Database (CED) software was written by Charlton to 
specifications developed jointly by Charlton and Nowack. Population of the 
database was overseen by Nowack. It is written in Visual Basic™ and Visual C++TM 
using Access™ and other file formats. It runs under Windows-95™ and Windows
NTTM operating systems. 

E.2 Implementation of Guideline Support Concepts 

The CED software implements the guideline support concepts presented in this 
thesis to varying degrees. Table E-1lists the concepts and implementation. 

Table E-1. CED Implementation Summary 

Guideline Support Concept Implementation Means of Implementation 

design attribute impact partial clues in structured title 
attribute and goal prioritisation minimal manual in searches 
domain impacts partial hardwired links, no chaining, limited context 
links partial* hard wired links 
perspective grouping partial subject keywords, search engine learning 
checklist summaries full provides results as title lists 
guideline types partial separate information links 
examples and explanations full* textual in CED, graphical in notebook 

* not fully populated 

Accounting for the impact of a guideline on design attributes1 is accomplished 
through titles for guidelines. For example "economical casting, simple cores" lets a 
user know that economy is improved with this guideline which implements 
simplicity concepts in casting cores. The related idea of using design attributes as 
part of a prioritisation scheme is not implemented except that a user can manually 
include attributes in a search. 

The ability of a user to check impacts in other domains, such as checking 
manufacturing impact, is limited to hard-wired links. Link chaining is not 
implemented so second order and higher impacts are not provided. In the absence 
of chaining, contextual requirements can be hard-coded as an informational or 
requires link. Dynamically proposing links was not implemented, but provision for 
future implementation is made by separating out a guideline issue, action, and 
consequence and this information is provided as new guidelines are entered. 

1 Design attributes are simplicity, clarity, unity, performance, economy, reliability (Aguirre Esponda, 
1992) 
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The CED cannot provide unique perspectives on demand such as a recycling 
perspective for example. However subject keywords help to group guidelines for 
recall in a search. Additionally, Charlton's search engine learns about the 
preferences of a user and over time adjusts to their terminology preferences. Pre-set 
checklists of guidelines are not provided, however the search results provide title 
lists that can be scrolled through and guidelines displayed. 

Principles and general guidelines are not treated differently in CED. Examples, 
definitions, and tools are separated out from the guideline set as informational links. 
Graphics can be stored as informational links. The file for a tool application such as 
a spreadsheet can be stored as an information link and the file can be run if the user 
has the software required to run that file. 

E.3 Software Operation 

E.3.1 User Window 

The main interface to a user is provided in the User Window shown in Figure E-1. 

= Guidelines Database a 
Eile !io ~iew tlelp 

IH I~IAII Guidelines I ~' I~II History I I ~I 1 
.. ;Ji~~~:. I 

Title I high bending stiffness. cross· sect ion I links to other guidelines 

Guideline 1735 Related issues 1736: cross·section for torsion ~ 
4. Related issues 1753: cross·section for compression 

The simplest way of achieving high stiffness to bending loads. Related issues 1762: cross·section for cast iron ~ 
is by choosing a favourable cross-sectional form. By this . :::~~: 

.....i.: Similar 1734: improved lightweight bending. cro 
: .. 

means the component will be not only more rigid but also I':;; Similar 1773: sections for lightweight constructi .; 
substantially lighter. Alternative 1722: avoid bending for lightweight con 

.e· 
I:::. How 1583: cross-section for flexing without te 

How 1637: buckling considerations I.: 

~ 
j . 

How 1731 : section choices for iron and steel ~. :. How 1743: bent plates .+ .. 

Search le suits: stiff bending part 
I :S ftijJ~~.1.~k ] I : G~I.o ~~j~~{l.~~;, ;:·J 

1

1706 2.06: stiffer joints. four approaches l~ 
1734 2.05: improved lightweight bending. cross-section ch }, . I }:{ links from other guidelines 
2344 2.04: surface quality dependent service properties How 1733: favourable cross-section 
1690 2.04: impact loading. use uniform stress .\ How 1798: cross-sectional form 
1939 2.04: load in welded parts. avoid bending welds 

.. : .... ~ 

1945 2.04: loads in welded parts. avoid bending welds :l 
1704 2.04: contact rigidity improvement. approaches ,'.,. 

3526 2.03: load sections. modulus of inertia .,..,.., 
1427 2.03: machine desiqn. strenqth and stiffness +. 

:· t.dit_M6d~:·; I 1 ~:~~~,!~h::7'1 "' ...... , ..... " ......... , " ."" .. ····'·1 
I. 'ViewSealchResuIt · . ........ - , .. ii. ".: 

Figure E-1. Main User Window 

All Guidelines: This bar selects the first or last guideline in the database or scrolls 
through one guideline at a time beginning from the currently displayed guideline 
(guideline 1735 in Figure 1). 
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Title: A short identifier ideally of two parts separated by a comma. The first is the 
subject of the issue and the second is the subject of the action. 

Guideline: This is the text of the guideline. 

Search Results: This box displays the results of any searches that have been done, in 
the case shown in Figure E-1, a search on "stiff bending part" was performed. The 
box displays guideline numbers, search scores based on Charlton's associative 
search, and guideline titles. 

Search: This button begins a search (see Section E.3.5). 

View Search Result: This displays text for the guideline highlighted in the search 
results window as an alternative to selecting with the pointing device. 

Edit Mode: This switches from user mode to the edit mode shown in Figure E-2. 

History: This pull-down list box displays the guidelines previously displayed to 
provide a rapid means of returning to them. 

Back: This button selects previously viewed guidelines as an alternative to the 
History list. Successive uses go sequentially further down the History List. 

Links to other guidelines: This shows any links that exist from the currently displayed 
guideline which point to another guideline. Selecting the guideline with the 
pointing device displays the targeted guideline. 

Follow Link: This button displays a guideline listed in a link (in either link box) as an 
alternative to double-clicking. 

Go To Guideline: This brings up a window to take you to a guideline by typing in its 
number. 

Links from other guidelines: This shows any links from other guidelines which point 
to the current guideline. 

E.3.2 Main Edit Window 

Guideline entry and editing is performed from the Main Edit Window shown in 
Figure E-2. 

The Title and Guideline are as in the user window. The main edit window also 
provides Issue, Action, Consequence, and Subject fields to support search and link 
concepts. The Subject field provides a means to link a guideline to various 
application areas. For example a guideline about reducing the number of parts may 
be part of a "design for assembly" approach and would be noted here. 

Notes: This box is for anything that may be helpful to future users . . For example, 
guideline 1735 was number 1670 in the old guidelines database known as DEG. 
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Refs: This lists references that go into more detail on the rationale behind this 
guideline. 

Submitted by: This box is an editorial history of the guideline. 

= Guidelines Database a 
file fdit ~o ~iew Help 

n~F~:IAII Guidelines 

Title 

Guideline 
1735 

I high bending stiffness, cross·section 

T he simplest way of achieving high stiffness to 
bending loads, is by choosing a favourable 
cross· sectional form. By this means the 
component will be not only more rigid but also 
substantially lighter. 

History '--_______ -""'i! ... ] 1 ' :;;'~~k '?:1 

-Type level ..... 1 __ --"'I ~""'d l 
g links to other guidelines 
H Related issues 1736: cross·section for torsion .. ' 
1;0: R elated issues 1753: cross·section for compression I:! I';' Related issues 1762: cross·section for cast iron I > 

Issue 

fi Similar 1734: improved lightweight bending, crol,r 

~=============:: Similar . 1773: sec~ions for. lightweight c?nstructi I¥.:: 
r- Alternative 1722: avoid bendlr:!.[ for lightweight con ,,+ 

~ 1 ; · ,~~!!'9.Wbi!t~ · 1 I ~~,it :li,~lS:~~. : .] p~~i~~!;~~~1 
Action 

Conseq. 

Subiect 

Notes 

achieve high bending stiffness 

choose favorable cross·section 

I reduced weight 

Engineering design, Form design, Lightweight 
construction, Technical systems, Properties, 

I DEG 1670 

I!l links from other guidelines 
~ How 1733: favourable cross-section How························· .. ·W§·S:···c·ros·s:·sect"i"o·n·an·o·rin······································· 

@l 

Submilled by DEG. then: 

~I 
Refs MTR B63 Matousek, R. (1963), Engineering Design -A Systematic Approach. 

Figure E-2. Main Edit Window 

Edit Refs: This button selects the Edit References window shown in Figure E-3. 

Edit Links: This button selects the Edit Links window shown in Figure E-4. 

E.3.3 Edit References 

The window shown in Figure 3 provides a means to record details of books and 
papers (sources) and to refer to them from the current guideline. 

The upper portion of this window above the All Sources list box, is used to enter a 
new reference into the reference list which is displayed in the list box. The lower 
portion is used to attach a reference to a specific guideline. 

E.3.4 Editing Links 

The Edit Links window shown in Figure E-4 is used to add, remove, or modify links 
from the current guideline which point to another guideline. These are shown in the 
Links to other guidelines box in the Main Edit Window. It is accessed via the Edit 
Links button. The right-hand side of the window displays read-only copies of 
guidelines in the database. 
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. Sources and References 

Click New Source or choose one from the list below (modifying <New> is fine). 
Enter or change the details. and then click Update Source. 

11B!;,}s~~~~~ 'vl Reference 1-1 __ -,I Author 11-___________ -' 

Title 

Year I Publisher I I 
'----'. Journal L. ___________ -' 

All sources 

Choose a source from the list above. enter a page reference (optional). 
and click Add Reference to attach it to this guideline. 

~:~e:. ~5~i 1 1"!.4!Ft~t~rl~~] h~;.~!~if.~j;!;~~!~:~!I1 
References for guideline 1735 
MlR 863 Matousek, R. (1963), Engineering Design· A Systematic Approach. 

Figure E-3. Edit References Window 

Edit Links 

Editing links for guideline 1735: The simplest way of achieving high stillness to bending loads, is by 
choosing a favourable cross·sectionalform. By this means the component will be not only more rigid but 
also substantially lighter. 

Suggested links 
1734 36.41: improved lightweight bending, cross' ~ 
1794 22.77: use of high grade steels, consider di 0, .• 

1766 22.30: lightweight construction issues list ~ 
1802 21.68: large stationary structures. use steel ~ 
1796 21.55: avoiding inelastic limits. use light met ,+ 

I ::¥~~~~~: ; ] li~!!:f~~·~·: II}~ar,ch~Res~itq 
Destination 11753 

:======-----r""'l 
Link Type IRelated issues I~I 

Description I cross-section for compression 

I AlidT'~ ID1I;i~;ii~~;II&i~wuD,~linaii2J 
Current links 
Related issues 1736: cross-section for torsion 
,elated Issues 1753 cross-section for compression 

Related issues 
Similar 
Similar 

H~l ;~ IAII Guidelines 

History 

Tille 

Guideline 
1753 

Issue 

Action 

ConseQ. 

Subiect 

I lightweight compression. thin-walled hollow sections I 
With compressive loading the aim is to make ~ 
full use of the compressive strength of the 
material concerned. Hollow sections are the ~ 
best suited to this type of loading. so the largest ":: 
radius of gyration in return for a relatively small ~ 

Engineering design, Form design. Lightweight 
construction. Technical systems. Properties. 

Figure E-4. Edit Links Window 
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Suggested Links: This provides a list of guidelines that Charlton's search scheme 
retrieves as possibly related to the current guideline based on similarity. 

Search: This opens the search window (Figure E-5) to run a search. 

Search Results/Suggested Links: This button switches between the most recent search 
results for the Edit Links window, and the CED-generated suggested links. 

Info Link: This button opens the window (Figure E-6) to select and/ or edit info links. 

Link Type: The user selects a link type from the following choices: 

How 
Why 
Alternative 
Related issue 
Similar 
Alternative 
Impacts 
Impacted by 
Info 
<none>. 

Using the Info Link Window shown in Figure E-5 examples, definitions, tools, and 
context requirements are entered into a portion of the database separate from the 
guidelines. When the information is too large or complex for this window, a 
separate file may be referenced. These files can be executed using the More button if 
the software required to run the file is available on the computer. The context 
entries are situational information that a guideline may depend on such as a specific 
manufacturing capability. It is similar in intent to the Requires link between. 

Extra Information 

Warning: New records appear at the end of the list. 
whatever their item number. 

Il~T~~IAlllnfOJmation 

Type 

Item 26 

I:" :\ti;:';' zJ 
I >o.~i~:tk' ·: '1 

Submitted by M LN_ 

A solid rectangular section standing on edge ''f 
withstands bending loads quite satisfactorily, 
the I-section having the same section 
modulus reveals that by choosing the latter a 
weight saving of up to 47 per cent can be 
achieved. DEG 1667, Ref MTR 863 

I Mci.~ .. :_":? L-.-_________ ~ . d! _ i+. 

Figure E-5. Info Link Window 
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E.3.5 Searching 

When a search is performed beginning with the search window (Figure E-6) two 
options are available. Marking the keyword box retrieves guidelines based on the 
occurrence of words entered into the search window. Alternatively, Charlton's 
associative search technique is used if the keyword box is not marked. In this case, 
the search then proceeds to the Word Feedback window shown in Figure E-7. 
Clicking terms in this window helps refine the search and teaches the system about 
how terms are related. It keeps track of user preferences for word associations so 
that over time search accuracy improves (Charlton and Nowack, 1997). 

Search 

Search for I stiff bending part 

o Keyword search only 

Figure E-6. Search Window 

Word Feedback 

Which of the following words are 
related to the query (stiff bending 
part)? 

~:·~·~ ···········ry~~~~g·g.l..········· ...... ··-...... ·· .... ........ .......... ~ 
0.61 properties F:' 
0.36 Internal 
0.35 forms 
0.34 process 
0.31 Use 
0.30 Enqineerinq 
Use CTRL-click. to select multiple words 

Figure E-7. Word Feedback Window 

E.3.6 Managing the Dictionary 

Charlton's search technique uses a dictionary consisting of groups of words which 
all have the same basic root, or stem (Charlton et al., 1997). A user may be prompted 
to determine if words have the same stem as one already in the dictionary. When 
saving a new or edited guideline, a user may be asked about the new word forms 
encountered via the Which Word window shown in Figure E-8. In this example, 
"bursting" is not related to any of the supplied words so the user chose New. The 
objective is to rely on user support for syntactic similarity, but to use the associative 
search mechanism to discern semantic similarities. The dictionary ignores very 
common words such as: the, by, or, as, and, with, on, do. Single-character words 
and those which appear to be numbers (e.g. "5%") are also ignored. 
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E.4 Log Files 

Which Word? 

'bursting' is unknown. It might be a new word. but it 
might be related to a word in the list below. If so. click 
OK to create a permanent alias. 

buried bur·ii·iii·g .. ··· .. ··· .. ··· .. ··· .. · .... · ...... ··· ·· .... ····· 
burnishing 
burrs 

I :Bi~liKT';:1 
I F8}H~;;:{m 

I" ;'-!iJn~,r;I71 

I :M~i'P~ij~d,3 

Figure E-S. Which Word Window 

200 

In addition to the actual guidelines and links collected in CED, data is collected by a 
log file that records users' actions both for guideline entry and extraction. Figure E-9 
shows a log file excerpt. 

19:08:24 [VIEWING 1557) 
19:08:33 [ BACK 1492) 
19:08:33 [VIEWING 1492) 
19:08:36 [FOLLOWTO 1543 Requires) 
19:08:36 [VIEWING 1543) 
19:08:43 [ BACK 1492) 
19:08:43 [VIEWING 1492) 
22:12:28 [ SEARCH cutting speed) 
22:12:46 [RELATED unusual(O) Context(l) process(2) -Post(3) -Technical(4) 
-production(5) -Manufacture(6) -system(7) -Use(8) -feasible(9) -properties(lO) 
-parts(ll) -machines(12) -operations(13) -materials(14) -Economy(15) 
-tooling(16) -required(17) -principles(18) -high(19) -reduce(20) -general(21) 
-consider(22) -Fngineering(23) -factors(24) -Extemal(25) -so(26) -where(27) 
-nature(28) -possible(29) -cost(30) -assembly(31) -all(32) -functionality(33) 
-simple(34) -lntemal(35) -selection(36) -increase(37) -power(38) -size(39) -List(40) 
-jig(41) -removal(42) -Disposition(43) -way(44) -analyse(45) -surface(46) 
-reliable(47) -components(48) -make(49) ) 
22:13:41 [RESULTSGO 269915) 
22:13:41 [ VIEWING 2699) 
22:13:53 [ RESULTSGO 2894 16) 
22:13:53 [VIEWING 2894) 
22:14:08 [RESULTSGO 303717 ) 
22:14:08 [VIEWING 3037) 
22:14:19 [ RESULTSGO 3044 19) 
22:14:19 r VIEWING 3044) 

Figure E-9. Portion of Log File 
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F Guideline Collection 

The form shown in Figure F-l was provided to subjects in the guideline collection 
exercise (Section 7.3) to ease the collection process. Following guideline collection 
and entry into CED, subjects completed the questionnaire shown in Figure F-2. 

Guideline Elicitation Form Name: 
Date: 

This questionnaire is designed to help you structure your guideline in a way that facilitates entry into 
the CEDD software. Answer every question that applies to you but note that in general, all items will 
not apply to every guideline. 

What are you telling the designer to do? 

Guideline and Rction 

Why should the designer follow this advice? 

Guideline and Issue 

What other actions or issues does the designer need to consider to be able to implement this advice? 

"How" links 

Are there any side effects that could result from implementing this advice that should be brought to 
the designer's attention? 

"Impact" linl<:s 

If this advice can not be followed owing to other constraints, is there something else that could be 
done to address the issue? 

"Rlternatiue" linl<:s 

What conditions must pre-exist or must also be done if this guidance is implemented? 
"Requires" links 

Is there a design tool or procedure (computer based or manual) that can be used to implement this 
advice? 

"Tools" links 

When considering this guideline, are there any related issues that the designer may want to consider? 
"Related Issue" linl<:s 

Are there any guidelines with similar actions and intent? 
"Similarll links 

Are there any terms that might be ambiguous, have alternative meanings, or otherwise need 
defining? 

"Definition" information linl<: 

Can you provide an example to illustrate how this guideline is applied? 
"EKample" information linl<: 

Provide a reference to the source of this advice (include page numbers if appropriate): 
Refs 

Figure F-l. Annotated Guideline Elicitation Form 
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Name: 

I. Please complete the foIIowing questions prior to entering guidelines. 

Today's date: 

How many years of practical design experience do you have? 

How many years of academic design and design research experience do you have? 

How many years of experience do you have in the area you 
are generating guidelines? 

How many times have you previously used the guideline software? 

I am comfortable using Windows-based software. 

I understand the guideline concept used in this work 

does not 
apply 

o 

o 

11. After generating and entering guidelines please answer the foIIowing: 

Today's date: 

I found generating guidelines difficult o 

I found identifying guideline links difficult o 

The source of my guidelines was: 

does 
apply 

2 3 4 5 

2 345 

2 3 4 5 

2 3 4 5 

I estimate the average time required to generate a guideline and associated links as: 

Were there any link types that were particularly difficult to identify? If so, which ones? 

The most difficult part of generating guidelines and links was: 

The easiest part of generating guidelines and links was: 

General comments on generating guidelines: 

When entering guideline information into the software, I 
identified missing guidelines in my set 

When entering guideline information into the software, I 
identified missing guideline links in my set 

When entering guideline information into the software, I 
identified missing guideline information in the existing database . 

'The suggested link window was not helpful 
If not, why not? 

The search window was useful 

In the search window, I mostly used keyword searches 

When using the search window, I used extra suggested words 
For example: 

The part of the guideline software I found most helpful was: 

does not 
apply 

does 
apply 

012345 

o 1 2 3 4 5 

o 1 2 3 4 5 

012345 

o 2 3 4 5 

o 2 3 4 5 

o 2 3 4 5 

The part of the guideline software I found most distracting or difficult was: 

General suggestions and comments on the guideline software: 

Any other comments: 
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Questionnaire responses are summarised in Table F-l below along with a summary 
of guidelines and links entered by each subject. 

Table F-l. Guideline Collection Questionnaire Summary 

Subject 
Question 1 2 3 4 5 6 7 8 Avg. 

experience 0 4 1 10 10 0 1 10 4.5 
academic 2 6 1 5 25 5 11 3 7.3 
area experience 0 5 0 5 10 0 3 10 4.1 
previous use 0 0 0 3 0 1 0 2 0.8 
Windows 5 5 3 5 0 2 3 3 3.3 
guideline concept 4 3 4 5 5 4 2 3 3.8 
generation difficult 1 2 1 3 4 1 4 2.3 
time (min) 2 1 3 1 4 5 4 4 3.0 
ID missing gls. 1 1 0 0 4 0 0 0 0.8 
ID missing links 1 1 0 0 0 0 0 0 0.3 
ID missing info. 3 5 2 4 0 0 0 0 1.8 
link window 4 3 1 3 3 3 3 2.9 
search window 4 5 4 0 4 3 0 2.9 
keyword searches 0 0 4 0 1 5 0 1.4 
used extra words 0 0 4 0 1 0 0 0.7 

Entry Results 
guidelines entered 17 2 14 9 10 8 2 2 18 
links entered 20 19 27 45 151 3 12 7 64 
avg. links/ guideline 1.18 9.50 1.93 1.93 15.1 0.38 6.00 3.50 4.44 
open links entered 0 0 0 0 0 0 0 1 0.1 
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ASSIGNMENT AND INSTRUCTIONS 

Instructions 

This experiment is a test of the Cambridge Engineering Database (CED). You are 
asked to make use of this tool but otherwise you should work as you normally 
would. 

Please either use the provided notebook for your design work or your own A4 
paper. Please date pages and number them in the case of using separate pages. 

You must record the rationale and assumptions for all decisions you make. These 
should be recorded in the blue design notebook. Rationale can come from CED 
guidelines provided on the computer or from your own experience or references. 
Make notes of any external references or sources that you use. Please do as much 
of your work as possible in this notebook. 

You may work when and where you wish. Please try to complete the project 
within three days. 

Your identity and association with your design will remain anonymous other than 
to the test conductors. 

After completion of the design, please complete the attached questionnaires. 

Questions should be directed to the experiment director: 

Mark Nowack 
Engineering Design Centre 
Department of Engineering 
University of Cambridge 
Trumpington Street 
Cambridge CB2 IPZ 

or alternatively: 

Chris Charlton 
Engineering Design Centre 
Department of Engineering 
University of Cambridge 
Trumpington Street 
Cambridge CB2 IPZ 

Yel: 01223·332 709 
FAX: 01223·332662 
E·Mail: mln@eng.cam.ac.uk 
Tel(home): 01223·845 236 
E-Mail(home):106054.3027@compuserve.com 

Tel: 01223-332 709 
FAX: 01223-332 662 
E-Mail: ctc2@eng.cam.ac.uk 

Wan mounted swivel mechanism 

Design a prototype for a mechanism with which the guiding column of an optical 
device can be mounted to a wall (see attached sketches). The operations for which 
the optical device is to be used do not put specific requ irements on the postional 
accuracy of the optical device. 

The height of the optical device can be adjusted on the guiding column by means of 
a slider. The column is a rectangular tube (AIMgSiO.5, 0 25 mm, thickness 2 mm). 
The device should be able to slide at least 175 mm along the column. A method to 
lock the slider on the column exists (not drawn in the sketches). 

The mechanism should be able to carry the weight of the optical device (the mass is 
about 2 kg, the distance between the column's axis and the centre of gravity of the 
optical device is about 100 mm). The mechanism should be able to position the 
device at any angle within the range indicated. The mechanism should be operated 
manually and with minimal force. The optical device should maintain its set 
position. The swivel axes and column axis should intersect in one point at the 
lower end of the column. This point should be at a distance of 150 mm from the 
wall. Any movements of the column, other than those specified above should be 
avoided if possible. 

The wall is made of bricks. A method for connecting the mechanism to the wall 
should be provided. 

The mechanism is a product to be manufactured in batch sizes of 100. The 
prototype which you are designing is to be manufactured in the workshop of the 
company. The production technologies available in this workshop are described in 
the attached sheets. All parts should be protected against corrosion. 

It is required to produce an assembly drawing of the product including leading 
dimensions. This drawing should adequately define the geometry of all parts. The 
individual components should be numbered on the drawing and listed in a bill of 
materials. The bill of materials should include the materials used. Also included 
should be any standard components along with their reference number. 

G') 
~ 
fJ) 
It) .. 
Cj 
It) 
Vl .... 

OCI = 
~ 
~ 
IJJ 
~ 

GJ 
GJ 
= ..... 
0-
~ 
~ ..... 
= ~ 

0 
~ 
~ ..... 
-< 
~ 

~ 

~ 
~ 
~ 

(1:> 
;:s 
~ -. k 

0 
Cl 
~ -. ~ 
(1:> -.. -. ;:s 
(1:> 

t:J 
(1:> -.. -. (j 
(1:> 

~ 

N o 
fI::>. 



'Tj 

~. 
I-! 
(1) 

Cl 
t 

N 

(f) 

& (ti. 
n ..... 
o 
~ 
[Jl ..... O· 
§l 
P> .... . 
I-! 
(1) 

'I::l 
P> 

(JQ 
(1) 
[Jl 

....., 
P> 
~ p,. 
N 

Date: 

I Personal data 

What is your age? 

What is your education? 

What is your design education and training? 

How did you become a designer? 

What is your occupation? 

How many years of experience do you have in des ign? 

JJ For every statement, please mark the answer that applies to you most 
(e.g. 0 .. 1..2 .. 3 . .4) does not applies 

fully 

1. The assignment was clear 

2. I found the design problem interesting 

3. I found it important to solve the given assignment 

4. I found the design problem ra ther difficult 

5. I enjoyed working on the problem 

6. Sometimes I was annoyed while working on the problem 
Why? 

7. I progressed well in solving the problem 

8. The solution I found was optimal 

9. My ability to work was impaired because of having 
to record my actions 

10. My ability to work was impaired because of having 
to use the CED software 

11. I worked with a high level of concentration 

at all apply 

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

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

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

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

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

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

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

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

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

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

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

12. There were several other concepts and alternatives I 
would like to have considered 
Why didn' t you (eg lack of time)? 

13. When I recorded my progress, it distracted me from 
my work. 

III Please answer the following questions: 

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

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

14. What factors do you feel caused you to work Successfully / less Successfully (delete as 
appropriate) 

15. To what degree were the follow ing abilities, skills or knowledge important to enable 
you to solve this problem? 

a. the abi lity to imagine objects 

b. calculation abilities 

c. the abili ty to remember 

d. the ability to formulate thoughts 

e. the ability to concentrate 

f. drawing skills 

g. knowledge of methodical approaches to design 

h. special technical knowledge 

i. practical experience as a designer 

j. knowledge of similar devices 

16. Have you ever designed a similar device? If so, what was it? 

not at all 
important 

very 
important 

0 .... 1....2 .... 3 ... 

0 .. .. 1....2 .... 3 ... 

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

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

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

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

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

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

0 .... 1....2 .. .. 3 .. . 

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

17. Do you think it would be useful to provide more information to solve this ass ignment? 
YES/NO. If yes, what kind of information? 
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IV Please try to describe in detail, using keywords, what you did during this task and 
what the sequence of your activities was. 

V Please answer the following questions: 

18. What were the two most negative experiences during this design exercise? 

19. What were the two most positive experiences during this design exercise? 

20. I am comfortable using Windows·based software. 

21. I understand the guideline concept used in this work 

22. The search window was useful 

23. In the search window I I mostly used keyword searches 

24. When using the search window, I used extra suggested 
words. For example: 

25. I found the links helped me top find information 

does not 
at all apply 

applies 
fully 

... 1. .. 2 .... 3 .... 4 

... 1 ... 2 .... 3 .... 4 

O ... I ... 2 .... 3 .... 4 

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

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

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

26. Information] found in CED was useful 

27. I found CED made me aware of issues I might 
otherwise have overlooked 

28. There was information in CED that [ found useful 
but which [did not find through searching or links. 
If so, how did you find it? 

29. The part of the guideline software I found most helpful was: 

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

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

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

30. The part of the guideline software I found most distracting or difficult was: 

31. General suggestions and comments on the guideline softwar~: 

32. Any other comments: 

Thank you for your assistance in this project! 
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Results from the Subject Questionnaire are summarised in Table G-l below. 
Guidelines used by the subjects are included in Table G-2. 

Table G-l. Subject Questionnaire Summary 

Subiect 
Question G4 G5 G6 G7 

1 age 33 33 25 30 
experience (years) 7 10 0 3 

11.1 assignment clear 4 3 3 3 
2 interesting 4 3 1 2 
3 im~ortant to solve 3 4 1 3 
4 problem difficult 2 2 1 3 
5 enjoyed problem 4 3 3 3 
6 annoyed 0 1 4 3 
7 progressed well 2 3 3 3 
8 solution optimal 1 3 3 1 
9 ability impaired - recording 1 1 1 1 
10 ability impaired - CED 2 1 2 1 
11 high concentration 2 2 4 1 
12 other concepts 3 3 3 1 
13 distracted 0 1 3 3 

IIL15a imagine objects 4 4 4 4 
b calculation abilities 2 3 0 2 
c ability to remember 2 3 3 1 
d formulate thoughts 4 2 4 3 
e concentrate 1 2 2 3 
f drawing skills 2 4 3 4 
g methodical approaches 1 2 3 2 
h technical knowledge 1 2 3 3 
i practical experience 3 4 4 4 

j similar device knowledge 3 4 1 4 
16 designed similar N Y N N 
17 more information N Y Y Y 

V.20 Windows software 4 2 4 4 
21 . guideline conce~t 2 3 2 3 
22 search window useful 4 4 3 2 
23 keyword searches 4 4 0 3 
24 used extra words 0 3 0 1 
25 links helped 2 2 0 1 
26 information useful 1 1 2 1 
27 aware of issues 3 1 4 1 
28 (non-link) information useful 4 0 3 1 
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Table G-2a. Guidelines Used in Set Task 
G4 
(1825) Determine the external and internal forces present. This indeed, is a requirement to be met 

before starting on any design task. 
(18) For easy assemb3;' avoid small, large and heavy Karts that re'lhire handling aids or more 

than one hand. ther difficulties are encountere with parts t at are: 
fragile 
flexible 
adhere 
tangle with each other 
severely nest with each other 
sharp or abrasive 
cannot be touched 
cannot be easily gripped 

(53) The best way to improve a product assembly is through rationalisation. 
- simplify parts 
- simplify structure 
(eliminate parts) 

(21) For easy assembly insertion, use a part which: 
- cannot be assembled wrong way around 
- self locates 
- self secures (no screw, rivet, or bending required) 
- can be assembled from above via a straight path 
- does not require multiple parts to be simultaneously placed 
- is easy to alIgn 
- offers low resistance to insertion 

G5 
(3054) Are all the clamps and clamping screws in the most accessible and natural position? 
G6 
(1619) Recommended se~uence to be followed in design: 

1. Define the prob em 
2. Gather information 
3. Divide the system into sub-units 
4. Describe each sub-unit by a complete list of its functional requirements 
5. List all the ways the functional requirements of each sub-unit can be realised; each is a 
partial solution 
6. Study all combinations of partial solutions. 

(707) Increase the level of abstraction at which the problem is formulated. This is perhaps the 
most useful single idea in design. 

(1454) When you want to get new ideas for design alternatives, use a technique that defers 
judgment until ideas are ~enerated . 

(1452) Don't run off with the first and only idea that comes to your quick mind. Generate multiple 
solution alternatives 

(2539) Some form of stimulus is necessary to generate ideas. 
(2541) Confrontation with the problem is in itself a form of stimulus, but this is inadequate for most 

design purposes. 
(699) Try inversions in the wider sense, such as reversing the male and female roles between two 

parts which screw together, or making a shaft run with its bearing inside it on a central pin, 
instead of its bearing outside it in fixed housing. Usually the designer will hit on the best 
form first time, and the inversions can be discarded after scant consideration. 

(32) Use available bought-in functional products to achieve a particular function cheaply. 
(626) The ultimate criterion of excellence is always cheapness; all such things as reliability, 

efficiency and so forth can be reduced to costs, given sufficient information, and always 
should be as far as possible. 

(156) When advantages for several alternatives are more or less equivalent, the cost of effecting a 
physically realisable design is the usual criterion in making critical decisions. 

(124) Desire simplb so that one can speak totally of an optimal solution, ie, few parts, few and 
simp e ass em lies. 

(544) Detailed desira is concerned with the actual sizing and dimensioning of all the individual 
components, oth fabricated and purchased, that go into making the total product. 

(772) Apply engineering common sense and pay meticulous attention to trivial details. 
(872) Settle down and work at the problem. Once the ffeneral principle has been laid down it is a 

matter of logic to fill in the details. Think logica ly. 
(1600) It is an inexorable rule of enr.neering construction that every detail must be dealt with 

thoroughly, and not left to c ance. 
(1832) To begin with, calculate and dimension ap~roximately according to classical theory of the 

strength of materials. Eye alone can never e developed to the stage where one can manage 
in all situations without calculation. This is speciallr true when new forms are concerned. 
Not until the designer has made an approximate ca culation will he gain a feeling of 
confidence. 

(1807) Most beginners believe that the dimensions of a machine component can be determined 
right from the start without drawing. In actual fact, calculation and drawing alternate with 
each other continuously during design work. 
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Table G-2b. Guidelines Used in Set Task (Cont.) 
(1677) En~ineering design requires: 

- T e application of a knowledge of mathematics, strength of materials and mechanisms to 
the process of estimatin~ the forces actin~on a structure, and calculating the dimensions 
which will enable it safe y to withstand t em 
- Taking into account a number of extraneous factors, broadly classified as economic. A 
knowledge of these is not easily acquired from a text book or in classroom, but must be 
gained by experience. 

(1823) Carry out the final calculation and dimensioning in accordance with the theories of fatigue 
strength and strength as a function of form. 

(2385) It must be remembered that many of the calculations made to determine the 
capacities of components and the size of some parts are based on assumptions and thus 
should not be regarded as absolute. 

(2388) In working out a design, calculations must be made to determine the capacities of 
components and the size of some of the parts. 

(539) It is very necessary to understand that the mathematical model chosen and the subsequent 
calculations that are made merely approximate reality. One must, therefore, be fully aware 
of the various assumptions and limitations that were made in deriving the equations used in 
the study of the engineering sciences. 

(2387) Ever~ effort must be made to bring about afteement between judgment and calculation 
resu ts. However, the final decision shoul be based on judgment. 

(539) It is very necessary to understand that the mathematical model chosen and the subsequent 
calculations that are made merely approximate reality. One must, therefore, be fully aware 
of the various assumptions and limitations that were made in deriving the equations used in 
the study of the engineering sciences. 

(2387) Ever~ effort must be made to bring about afteement between judgment and calculation 
resu ts. However, the final decision shoul be based on judgment. 

(868) We have to take risks, it is part of the adventure of engineering, but let them be calculated 
ones. 

(1573) The specification will alwa~ identify a part of the mechanism which is the focal point of its 
function. In a riveting mac 'ne, for instance, it will be the point at which the pressure tool 
compresses and shapes the rivet; in a shaft couplin~ it will occur where one part enga~es 
the other; and in a reciprocatin~ comIbressor it will e the face of the ~iston which disp aces 
and compresses the gas. It is a ways etter to start the design from t is focal ~Oint; then, 
step by step, and making new footholds one after another, the design is deve oped in one or 
more directions at a time - both figuratively and in three-dimensional terms. 

(3462) Try to make components liable to need servicing readily accessible. When possible locate 
parts likely to require attention at end of assembly or at end of sub-assembly close to a main 
Joint. In the case of buried components try to devise some method of access other than by 
complete dismantling. 

(2021) In any event, moving parts do wear and will require replacement. 
(800) Use safety factors between 3 and 6 standard deviations for all important parameters, e. g. 

load / strength; lift / drag; cost / price, etc. 
(2286) Safety - Function and workinj principle: It is important to establish whether or not the 

function is fulfilled safely an reliably by the chosen solution. Likely faults and disturbing 
factors must be taken into account as well. It is not always clear, however, to what extent 
allowance must be made for exceptional, pure hypothetical, circumstances that could affect 
function. 

(3286) Using a factor of safety many serious problems, due to inherent uncertainty of the 
engineering method, are never allowed to develop. 

(2970) Use standardised or interchangeable parts whenever possible. 
(12) Only use a seperate component if: 

-the part moves relative to other parts and the movement is essential for product function 
and the part must be seperate for this movement 
-the part must be of a different material (for insulation, wear resistance, sealing, vibration 
damping etc.) 
-the part must be seperate to allow for inservice replacement (fuses, bulbs, filter etc.) 

G7 
(688) Principle of kinematic design. When locating or guiding one body relative to another, use 

the minimum number of constraints. 
(2720) Method of construction of mechanisms 

- The mechanism is a closed kinematic chain 
- The kinematic chain is compound or simple, and consists of kinematic pairs of elements 
- These carry the envelopes required for the motion which the bodies in contact must have, 
and by these all motions other than those desired in the mechanism are prevented 

(690) The engineering repertoire that would be suitable to provide an additional degree of 
freedom in kinematic terms include: 
(1) Self aligning bearings 
(2) Se~arate antifriction bearings providing a single degree of freedom 

_(3) SJ)I erica I hydrodynamic (or hydrostatic) bearings 
(4) Spherical (or cylindrical) hydrostatic bearings allowing for planet alignment only. Stationary, 

non-hydrostatic plain bearings, allowing only for alignment, would give too much coulomb 
friction. 
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Name: 
Address: 

Phone number: 
E·mOlil address 

~Sl~~~~ (~~g~~le the following questions prior 10 using the C.JImbridge Engineering 

Today's dale: 

Please describe the type of work you arc involved w ith: 

How many years of practical design experience do you have? 

How many years of Olc.ldcmic design .:md design research experience do you have? 

How many times h.lvC you previously used the CED gUideline software? 

How many times have you used the previous guideline sortwarc, the Designers 
Electronic Guidebook? 

What factors do you fed cause you to work successfully in design? 

To what degrC'C arc the following abilities, skills or knowledge important 10 enable 
you to solve problems? 

not 3t all very 

a. the ability to imagin(' objects 

b. calculation abililies 

c. the ability 10 remember 

d. the ability to formulaic thoughts 

c. the ability to concentrate 

f. drawing skills 

g. knowledge of methodical appro.lchcs to design 

h. sEX'Cialle<hnical knowledge 

imporlant important 

0 .... 1 ... 2 .... 3 .... 4 . .5 

0 .... 1 ... 2 .... 3 ... 4 ... .5 

0 .... 1 ... 2 .... 3 .... 4 .. .5 

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

0 .... 1 ... 2 .... 3 .. .4 ... .5 

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

0 .... 1 ... 2 .... 3 .. 4 ... .5 

0 .... 1....2 .... 3 .. . .4 ... 5 

h. spccialtcchnical knowledge 0 .... 1 .... 2 .... 3 .... 4 .. 

i. practical experiencc as a deSigner 0 .... 1 ... 2 .... 3 ... . 4 .. 

j. knowledge of similar devices 0 .... 1 ... 2 .... 3 ... 4 ... .5 

k. access to co-workers 0 .... 1 ... 2 ... .3 ... 4 ... .5 

I. access 10 design and engineering handbooks and lexts 0 .... 1 ... 2 ... .3 .. .4 ... .5 

m. access to a computer 0 .... 1 ... 2 . .3 ... 4 ... .5 

n. other? 

11. ACter using the CEO guideline software, please answer the following: 

Today's date: 

How long have you been using CED? 

How many different projects or problems did you use CEO on? 

Please answer the following based on your experience with CEO: 
does not does 

r am comfortable using Windows 9S-bascd software. 

r understand the guideline concept used in CEO 

1 found CEO C.lsy to learn 

I found CEO easy 10 use 

I found CEO distracting to use 

I found the user notes helpful 

f generally found whatf was looking for in CEO 

The informalion I found was generally helpful 

I found the links helpful 

irnco~~~C;~tvnk window W3S not helpful 

The scarch window was useful 

apply apply 

0 .... 1 .. . 2 ... 3. .. 4 ... .5 

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

0 .... 1 ... 2 .... 3 .... 4 ... 5 

0 .... 1 ... 2 ... .3 ... 4 ... .5 

0 .... 1 ... 2 ... .3 ... 4 ... .5 

0 .... 1 ... 2 .. .3 ... 4 ... .5 

0 .... 1 ... 2 ... .3 .... 4 .. .5 

0 .... 1 ... 2 .... 3 ... 4 ... .5 

0 .. .. 1 ... 2 .... 3 .... 4 ... 5 

0 .... 1 ... 2 .... 3 .... 4 .. .5 

0 .... 1 .... 2 .... 3 .... 4 .... 5 

In the SC3rch window, I mostly used keyword scarches 0 .... 1 ... 2 ... 3 ... .4 ... 5 

~~~~~~;Fc:the scarch window, I used extra suggested words 0 .. .1 ... 2 ... 3 .... 4 .. .5 

Overleaf. pleasc desribe how you typically used CEO to address problems. 

I estimate the average time reqUired 10 find a useful guideline as: 

~h!~ !~g~~~r aspcc:ts of CEO that werc particularly difficult to understand? 11 so, 

Thc most helpful aspect of CEO was: 

The part of the guideline software I found most distracting or difficult was: 

General suggestions and comments on the CEO software: 

General suggestions and comments on thc CEO data (guidelines and links): 

Would you would be interested in using future CEO versions or know of others who 
may be interested Yes / No 

Any other comments: 

Thank you! 

Please return thc completc questionn3ire and your log filc" to 

M.ukNowack 
Cambridgc University Engineering Design Centre 
Trumpington Street 
Cambridge 
CB21PZ 

"note that the log file can be emailcd(mln@Cng.cam.ac.uk). sent on a disk, or wc can 
comc collect it 
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Responses to the User Questionnaire are summarised in Table G-3 below. 

Table G-3. User Questionnaire Summary 

Subject 
Question F4 
I experience 0.5 

academic 4 
previous use (CED) 1 
previous use (DEG) 1 

a imagine 5 
b calculation 3 
c remember 4 
d formulate thoughts 5 
e concentrate 5 
f drawing 4 
g methodical approach 4 
h special knowledge 5 
i practical experience 5 

i similar devices 5 
k co-workers 5 
1 handbooks and texts 4 

m computer 4 
11 time using CED (weeks) 3 

number of projects 10-
Windows software 5 
guideline concept 5 
easy to use 5 
distracting to use 0 
user notes helpful 2 
found in CED 5 
generally helpful 4 
links helpful 4 
suggested link window 2 
search window 2 
keyword searches 0 
used extra words 5 
time to find (min) 1 
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