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Abstract

Design ideation is a core stage in the design process that begins with a design brief
and results in a range of design concepts from which solutions can be selected. The
success of design ideation relies upon designers’ creativity and ingenuity. In current
practice, design ideation tends to be an ad hoc process which combines the designer’s
experience with techniques such as sketching, brainstorming, and mock-up to develop
creative solutions in response to the brief. There are notable differences in ideation
performance between novice and expert designers in that experts tend to follow a more
systematic process, and have more experience and knowledge of previous designs to
draw on. Design ideation is more challenging for novice designers who have limited

experience on which to draw and no systematic process to follow.

This thesis provides a method that enhances the design ideation performance of
novice designers by providing a systematic design ideation process for them to follow,
and a database and associated visualisation method that gives them access to
previous designs. The method was assessed through empirical evaluation experiments
conducted with 101 students in the UK and South Korea. This confirmed that the
method improves novice designers’ generation of creative solution concepts in

response to a design brief.

The research makes four contributions. The method, Knowledge-Enabled Design
Ideation Method (KEDIM), provides a systematic design ideation process that includes
three steps. The first step draws on a Database of Design Cases (DOS) that is
supported by a database schema. DOS is a part of the research contribution that
provides a structure to capture case data. DOS was validated through population with
540 design cases, and through use in the second stage of KEDIM, Perceptual Mapping
Generation Software (PMGS). The core contribution of PMGS is its visualisation
method that brings together selected design cases from the database and presents
them in a way that enhances novice designers’ abilities to draw analogies. The final
contribution is Systematic Brainstorming (SBI), where these analogies are developed
through a set of specific ideation themes alongside solution concepts. KEDIM, through
these three tools, improves the effectiveness of novice designers ideation by increasing
the number of solution concepts generated when compared with students not using

KEDIM responding to the same brief.
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Chapter 1 - Introduction

Design innovation has the capacity to improve quality of life by creating more useful
and functional objects for end-users within society and companies. It enhances designs
through incremental development of existing designs or radically through the creation
of new services, and products through differentiation, decreased price, less time-
consumption for end-users (Papalambros, 2008). Design thinking is a conceptual
framework that supports designers in order to effectively bring these benefits of design
innovation into their design processes. It is widely used by educators (Davis et al.,
2016), because it provides a systematic process with the flexibility needed to create
novel design innovations in response to design user needs. Design ideation is a key
aspect of design thinking and comparable processes because it is where the new
concepts are generated and developed. It is recognised that design ideation is
challenging for novice designers. The accumulated amount of intensive working
practice and learning is the key factor that establishes a systematic ideation process in
accordance with the design brief and situation by employing and adopting appropriate
approaches such as resource searching and development, and how they respond to
difficulties in order to generate creative solutions (Ericsson, 1999; Ericsson, 2002;
Kavakli and Gero, 2002; Cross, 2004; Hay et al., 2019). For novice designers, it is
particularly challenging as they have limited experience on which to draw and no
systematic process to follow. This thesis established a method that enhances the
design ideation performance of novice designers by providing a systematic design
ideation process for them to follow with a key aspect of novice designers’ requirements

which are reported from empirical experiments.

Design ideation is a crucial, early step in the design process that aims to explore,
generate and develop solutions in response to a brief. It has a considerable impact on
the overall success of the design process and outcomes (Moreno et al., 2015; Orthel
and Day, 2016). An important role of the designer is to develop a range of design
concepts (Moreno et al., 2015) from which solutions can be selected for further
development. Despite its importance, there are limited tools available to support design
concept generation, which primarily relies on the personal abilities of individual
designers (Hernandez et al., 2010). It is widely recognised that novice and experienced
designers behave differently during the ideation process (Ball et al., 1997; Ho, 2001;
Kavakli and Gero, 2002; Kokotovich, 2008; Cai et al., 2010) with expert designers

employing more systematic ideation strategies that build on their accumulated



experience in order to achieve successful outcomes (Johnston, 2015). However, for
novice designers, design ideation is especially challenging because they lack
experience on which to draw analogies and have no systematic process to follow. In
this thesis, the term ‘novice designers’ specifically means students designer. Section
2.3.2 differentiates between the ideation performance of novice and expert designers.
This thesis introduces a practical ideation method that was designed with a view to
improving the range and number of design concepts generated by novice designers in

response to a brief.

1.1 Research background

The research wacs originally inspired by two factors: the growing potential of new
manufacturing processes that enabled the realisation of shapes that, previously, were
not producible, and the possibilities for designers to learn from nature using bio-
inspiration. Emerging manufacturing technologies present opportunities and benefits
that can be capitalised on within design. In particular, the development of
manufacturing technologies is gradually enabling the production of forms that were
previously difficult or impossible, and this has a particular importance as a key basis for
opening up new design styles (Gao et al., 2015). Additive manufacturing technologies,
including 3D (dimensional) printing, are representative of these emerging technologies.
These technologies were initially invented to fabricate physical forms using successive
layers of materials under computational control in the 1990s, and provided an
alternative to the generally available tools based on subtractive processes, such as
CNC, cutting, carving and others (Gibson et al., 2015). Considering when this
technology was developed, it was applied relatively late to design cases with the expiry
of many patents from around 2010 onwards (Gibson et al., 2015). The number of
empirical design cases has been gradually increasing, and ranges are expanding from
exploratory projects in art and prototypes to the consumer area. Some examples are
given in Figure 1.1. These examples show distinctive design properties, and the
seamless and complex form styles that were difficult or impossible to realise prior to the
advent of 3D printing (Jonson, 2005; Anderson, 2012; Gibson et al., 2015).

Bio-inspired design is a form of analogy-based design and its popularity as a means of
inspiring designers has grown in recent years. However, most of the literature reports
design cases rather than methods that are suitable for use by novice designers. For
this research, cases from bio-inspired design were used in the method development
process. Numerous examples of bio-inspired design exist but are not collated in a form

that can be easily used by novice designers. Some researchers, e.g. Vincent (2006),



are developing classification schemes of bio-inspired system or methodology such as
BioTRIZ. However, they are not accessible to designers because of their size and prior

knowledge needed to use them.



Figure 1.1 Design examples based on additive manufacturing technologies. (a)
Eric Standley’s “Agrieborz” in 2010, (b) Wim Delvoye’s “Nautilus Penta” in 2013, (c)
Joris Laarman’s “Aluminum Gradient Chair, (d) Janne Kyttanen'‘s “Sofa So Good”, (e)
Daniel Widrig’'s “Super Natural Motion’ in 2013 and (f) Neri Oxman’s “Doppelganger” in
2013.



A notable challenge with creating the aforementioned cases, such as those in Figure
1.1, was the development of comprehensive ideation strategies to understand and
apply new or unfamiliar emerging technologies during design ideation (Johnston,
2015). Experts (designers, artists and researchers) mainly led these exploratory design
projects, while few novice designers possessed the ability to do so (Johnston, 2015).
This is because the experts had used their previous experience to establish their own
unigue ideation strategies and systems in response to the unexpected challenges
faced (Cross, 2004). From this viewpoint, empirical research widely recognised that
novice and experienced designers behave differently during the ideation process. A
notable limitation of novice designers during ideation is that they tend to perform many
concurrent actions with vague objectives (Kavakli and Gero, 2002), leading to an
unsystematic overall ideation process which is ineffective to generate and broaden
creative ideation solutions. These concurrent actions include searching design sources
for inspiration, generating new design concepts, activities according to various
situations, and the degree of organisation of actions (Ball et al., 1997; Ho, 2001,
Kavakli and Gero, 2002; Ball et al., 2004; Dinar et al., 2015).

In particular, overcoming these differences in ideation performance is closely related to
developing creative ideation performance in the education and practice of novice
designers: in-depth understanding of emerging technologies, and mitigation of fixations
from past experience (Anthoniw, 2013). Fixation is referred to as “an effect in which an
individual might unconsciously focus on certain aspects of an object or a task, while
leaving out other aspects.” (Vasconcelos et al., 2017, p.2) in the experimental
psychology literatures. In the design process, fixation has significant negative effects
on inspiration which is a key aspect of ideation, and often occurs during the diverse
design activities followed by individuals, source searching, limited spaces of variations,
and others (Moreno, Yang, et al., 2015; Vasconcelos et al., 2017). Anderson's
workshop (2012) shows the challenges to generate creative ideas whilst exploiting the
benefits of emerging manufacturing technologies. The theme was ideation of a pencil
holder product with the aim of exploring the freedom of fabrication within additive
manufacturing technologies. However, almost all of the designers generated timid
outcomes because of a lack of creativity and cognitive fixation due to past experiences
and tools. These differences enable assessment of current ideation methods and
identification of the requirements needed to support novice designers’ ideation. These
many differences also impact on how well designers obtain in-depth understanding and
overcome fixations. Moreover, the importance of these fundamental and core ideation
capabilities is gradually increasing in developing design environments, which will

enable the fabrication of more seamless and complex forms.



With the aim of supporting novice (student) designers, previous research has
appraised their ideation processes and found clues for solutions. In addition, methods
have been developed but only a few common methods are used in education and
practice (Shah et al., 2000). On the other hand, some experts of emerging technologies
have claimed a need for an ideation method that enables effective creation of design
concepts based on the benefits from these technologies for the purpose of their quick
integration into products (Anthoniw, 2013). Empirical research demonstrates the
differences between novice and expert designers within specific parts of ideation, such
as drawing analogies (Kavakli and Gero, 2002), reviewing resources (Dinar et al.,
2015), and ideation activities and strategies (Ball et al., 1997; Ho, 2001; Kavakli and
Gero, 2002). These authors report on detailed professional comparative analyses, and
the avenues chosen, but the identified benefits are not well integrated with ideation
methods, and designers are only using limited, traditional ideation methods (Shah et
al., 2000).

1.2 Aims and objectives

The aim of this research was to establish a method that could be used by novice
designers to enhance their design ideation performance by increasing the number of
design concepts generated (Ball et al., 1997; Ho, 2001; Kavakli and Gero, 2002). The

following objectives were pursued.

1) To identify requirements for a design ideation method for novice designers
through a review of current approaches to design ideation.

2) To propose an overall process architecture for a method that responds to these
requirements.

3) To establish a database to capture bio-inspired designs and an associated
visualisation method to enable novice designers to use them in analogy-based
design from a range of sources.

4) To create an enhanced idea generation method that provides a structured
approach to concept generation.

5) To evaluate the method with student designers.

The potential of the research is the identification of a systematic approach for
improving the ideation performance of novice designers through common tools and
findings from empirical research. The thesis discusses how a method can support
novice designers based on understanding of their ideation and thought process,

compared to experts. In this sense, the research provides an ideation method that



support novice designers’ creative processes, such as cognition, visual stimuli, and

activities.

1.3 Outline of thesis

This thesis consists of seven chapters. This chapter provides an overview of the thesis,
its aims and its structure. Chapter 2 outlines the relevant literature and provides a
comparative analysis of the ideation processes between novice and expert designers,
along with their utilisation of emerging technologies. Designers’ thought mechanisms
within the ideation processes are reviewed in order to identify the differences between
novice and expert designers. The effectiveness of ideation skills, tools, and
environments are also examined in order to assess the most appropriate ideation tools
for novice designers’ requirements. These are drawn together to form user
requirements for the development of the ideation method introduced in this thesis:
Knowledge-Enabled Design Ideation Method (KEDIM).

Chapter 3 provides a description of the research methodology used to develop KEDIM.
KEDIM is comprised of three stages that provide a systematic ideation process
architecture and an intuitive method of use. Beginning with an overview of the different
types of Design Research Methodology (DRM) (Blessing and Chakrabarti, 2009), this
chapter explains how DRM was used to frame the research. Key research stages are
clarified: method development, evaluation experiments, data collection, and analysis,
and evaluated in accordance with research goals. The first stage of DRM (Descriptive
Study ) is presented in Section 3.3. This aimed to identify the practice gaps between
research and practical design environments in order to establish the design goals of
KEDIM.

Chapter 4 introduces the first and second stages of KEDIM (Database of Design Cases
(DOS) and Perceptual Mapping Generation Software (PMGS)), which were created in
the second stage of the DRM (Prescriptive Study). The database captures bioinspired
design cases in a way that allows them to be used as sources of inspiration in KEDIM.
This chapter includes details of the database schema and its population with 540
cases. The transformation process from the database to the perceptual mapping is also
discussed. These cases and data elements are visualised using PMGS which supports

the drawing of analogies through the exploration of a large volume of design sources.

Chapter 5 outlines the third stage of KEDIM, Systematic Brainstorming (SBI), which is

based on the four-stage knowledge generation model — SECI theory (Nonaka et al.,



2000). This chapter outlines the development process from SECI to a set of specific
ideation themes, and its implementation as a paper template and the establishment of
usage guidelines. The development background, reasoning and combination process
for use of brainstorming and SECI theory, and how it links with the first part of the

ideation method are provided.

Chapter 6 reports the results of experiments with 101 design students in the United
Kingdom and South Korea. Comparative analysis through observation and the
assessment of ideation outcomes through questionnaire used, observation notes, and
discussions are presented. In particular, the number of ideas generated within SBI was
analysed in detail with respect of how well they reflected the design brief (maotifs,
design object, and manufacturing technologies), and systematically followed the
ideation process. Finally, the data and results from empirical research are discussed.
Following this, the limitations of the study, further development and future work are
considered in Chapter 7 along with a summary of findings in relation to the research

goals and conclusions are drawn.



Chapter 2 - Literature review

This chapter reviews the current ideation approaches and methods used by designers
in order to identify the limitations, opportunities, and requirements for a method to
support novice designers and enhance their ideation performance. The chapter begins,
in Section 2.1, with a review of literature on design process and ideation with a focus
on understanding underlying mechanisms of ideation methods, after which the
evaluation criteria of designers’ ideation process is provided in Section 2.2. This is
followed by an assessment of ideation methods classified within Section 2.3 to
evaluate how well they support novice designers’ thought processes with the ideation
process. The challenges and opportunities for emerging technologies to support
ideation processes are presented in Section 2.4. Based on the limitations and
opportunities identified in previous sections, the requirements for ideation that supports
methods are proposed in Section 2.5, and the knowledge gaps are defined in Section
2.6.

2.1 Design processes

The term design is generally defined within the context of action(s) for development as

follows:

1) “Transformation of existing conditions into preferred ones” (Simon 1996, p. 55).

2) “Design is about service on behalf of the other” (Nelson and Stolterman, 2014, p.
41).

3) “A product that is designed is designed to have particular function” (Madlener,
2011).

From this point of view and considering the current role of design, the objectives of the
design process can be defined as moving ‘from problem to solution areas’, ‘through
identify to define’, and ‘ideate to deliver’ stages (Simon, 1996; Dorst and Cross, 2001;
Howard et al., 2008; Madlener, 2011; Dorst, 2011; Nelson and Stolterman, 2014). In
practical design fields, design companies have established these series of stages as

unigue design processes in order to achieve the generation of creative solutions.

In order to identify the steps of a practical design process, design process diagrams
were collected from official websites and documents which had been produced by
leading design corporations or studios in diverse industries such as IDEO, Pininfarina,
Frog Design Incorporation, and Design Work (see Figure 2.2). The website

DEXIGNER, which is a database of design corporations, studios and organisations,



was used to identify the leading design studios. General design process diagrams were
analysed for grouping and classification of each step, which can be summarised as
‘research — analyse — ideate — prototype — test — revision — output’. Figure 2.1

illustrates the conceptualised design process.

Input Design process Output
Design | | Aim| Creativity activies for development. Design
brief outcome
problem » solution Sellad
H A : atisfaction
Concept  identify > define | 1o caue
ideate p» deliver

Process| research » analyse P ideate » pro}otype > test » revision—
A v

Feedback

Figure 2.1 The concept of design process

In design processes, ideation is responsible for developing the initial solution concepts
(Farel and Yannou, 2013; Moreno et al., 2015). The overall goal of design ideation is to
generate novel or creative solutions in response to the design brief. The ability to
generate ideas is a distinctive characteristic of designers, and the performance of the
design ideation stage has a significant impact on the overall success of the design
process and its outcomes (Moreno et al., 2015; Orthel and Day, 2016). In particular,
design ideation is an important part of any design process because it is where
designers use divergent thinking to generate design concepts in response to a design
brief (Valkenburg and Dorst, 1998; Koronis et al., 2018). This stage is particularly
prominent because the solution from ideation is closely linked to the success of design
(Linsey et al., 2014). Ideation methods and their classification will be appraised in order
to understand the current situation and identify limitations with respect of designers’

thought mechanisms in the following Sections 2.2, and 2.3.
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Figure 2.2 Examples of practical designh processes
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2.2 ldeation processes

The ideation process is the series of steps used to guide designers’ thinking to aid
systematic and/or effective ideation in order to reach creative outcomes according to
certain criteria, such as actions or tools (El-Zanfaly, 2015; Piya et al., 2017). Beginning
with understanding of ideation methods in Section 2.2.1, the classification of the
ideation method is reviewed to identify requirements in response to the identified
difficulties of novice designers in Section 2.2.2. This is followed by a review of the role
of new and emerging technologies within ideation in Section 2.2.3. These findings are
considered with respect to designers’ thought processes in Section 2.3 in order to
identify limitations, opportunities for improvements and the requirements of ideation
methods for novice designers.

2.2.1 ldeation methods

Ideation methods aim to support designers’ creative performance within the ideation
process, and they reflect designers’ thought mechanisms for understanding, refining,
communication, or critical assessment of the ideation process for further development
(reflection-on-action) (Jonson, 2005). The rudimentary ideation methods employed in
education and practical fields are generally sketching and text (Jonson, 2005).
Sketching reflects a designer’s thought process and what they lean from external
resources in an easy and intuitive way (Goldschmidt and Smolkov, 2006; Dinar et al.,
2015), and textual information is used by designers to capture ideas and express
detailed description that is difficult to record in other ways (Goldschmidt and Sever,
2011).

These rudimentary methods have been used for the purpose of developing ideation
methods with the aim of providing enhanced performance and a variety of versions with
brief guidelines such as thumbnail sketching, drawing, writing, and annotation (Jonson,
2005; Hopkinson et al., 2006; Orthel and Day, 2016). Furthermore, detailed instructions
are required to investigate systematic ideation processes that users follow such as
brainstorming, storyboarding, method 635, fishbone, TRIZ, or Shape grammar (see
Table 2.1).

In the emerging digital environments, ideation development research has been

exploring the application of relevant technologies to provide novel environments or

functions. For instance, advanced technologies (3D scanner, Virtual-Reality, additive
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manufacturing technologies) have been used to provide digital environment user

interfaces replacing conventional tools such as pen and paper.

This context indicates that the existence of diverse and intuitive ideation methods, and
further research is required for the purpose of adapting to changing environments or
utilising emerging technologies. However, it has been identified that designers are
using only a few common ideation methods in education and practice despite diverse
ideation methods existing and new methods with significant benefits being developed.
As noted by Shah et al., (2000) “Despite several claims and much anecdotal evidence
about the usefulness of these (common) methods, very little formal experimental
evidence exists currently to indicate that these methods could actually be used ... to
generate concepts. Further, the rules and procedures for these methods seem to have
been specified arbitrarily, regardless of the nature of the problem being solved.” (Shah
et al., 2000, p.377).

Research by Self et al., (2016) assists in identifying the cause of the limited variety of
ideation methods used in education and practice. Four teams carried out ideation
through drawing by hand, computer, and others. The research results show that
drawing by hand was significantly preferred (77%, 56%, 87% and 58% for team A, B,
C, and D respectively) (Figure 2.3.a and b). In particular, it is noteworthy that team A
and B, which generated the highest number of ideas (around 400 and 300), used
drawing by hand (77% and 87%). The major cause identified was ‘a sense of
heterogeneity’ caused by required additional elements such as control of software and
a different feeling compared to drawing by hand. These findings illustrate that
designers prefer to use common methods due to intuitive method of usage, and the
effectiveness of ideation performance also improved in accordance with the number of
ideas generated. Unfamiliarity with new methods, additional requirements or
differences compared to the commonly used methods are the major causes for
designers reluctance to use them, and this decreases ideation performance. The
following section will review the classification of ideation methods in order to identify

the characteristics and limitations of commonly used ideation methods.

2.2.2 Classification of ideation methods

The classification of ideation methods provides an understanding of the benefits and
limitations of diverse methods with comprehensive perspectives. In response to the
identified limiting factor (that designers tend to use few methods), the classification of

ideation methods enables the identification of the requirements for novice designers
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through comparison of their properties. The classification by Shah (2003), separated
ideation methods into two groups, depending on the ideation process used: the logical
method for systematic progressive stages or approaches, and intuitive method for
supporting stimulation of inner mental process. Table 2.1 shows the classification of
methods according to Shah (2003).

Table 2.1 Classifications of ideation methods

Main class Sub classification

Historically-based method: use catalogued in some form of database
-e.g. TRIZ

Logical Analytical method: develop ideas from first principles by systematic
method analysis of basic relations, casual chains, and desirable/undesirable
attributes

-e.g. Inversion, and SIT.

Germinal: aim to produce ideas from scratch

-e.g. brainstorming, morphological analysis, and K-J method

Transformation: generate ideas by modifying existing ones

-e.g. checklists, random stimuli, and PMI method

—_ Progressive: generate ideas by repeating the same steps many times
ntuitive
-e.g. method 635, C-sketch, and gallery method
method

Organisational: help designer group generate ideas in some meaningful
way

-e.g. storyboarding, fishbone, and Affinity method

Hybrid: synectics combine different techniques to address varying

needs at different phase of ideation

Source: derived from Shah (2003)

Gao et al., (2015) highlighted the overall limitation of ideation methods. The ideation
method that occupies a specific category (e.g. logical/ or intuitive) do not necessarily
consider the correlation with other methods throughout the ideation process from the
design brief to solution concept generation. Accordingly, the ideation process needs to
combine both logical and intuitive methods in order to flexibly adapt to the designers’

actual working process and environment.
Table 2.1 also shows that the majority of common ideation methods are positioned on

intuitive methods, and a tendency was identified for creative concepts to suddenly

emerge, rather than stem from a systematic process (Stones and Cassidy, 2010; EI-
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Zanfaly, 2015). On the other hand, they rely on an individual’s abilities to gather ideas

for concept solutions in a structured stage.

2.2.3 Emerging technologies and ideation

Emerging technologies present the opportunity for designers to increase the quality
and novelty of design outcomes, yet they also present challenges for designers to
understand new and unfamiliar technologies and integrate these with existing ideation
strategies. Emerging technologies are making it possible to fabricate any form, and the
role of designers within this changing environment will suit those with more advanced
ideation capabilities and the ability to analyse and generate novel forms (Gao et al.,
2015). In this light, the role of ideation is becoming significantly more important with the
aim of generating creative solutions. According to the Royal Academy of Engineering
(Anthoniw, 2013), in recent years, additive manufacturing technologies have
established a hardware infrastructure for manufacturing free-form designs and complex
form styles that could not previously be materialised with existing technologies. Existing
ideation tools or ideation methods have however been found to be insufficient for
generating free-from design style. Professor Richard Hague, director of the EPSRC
(Engineering and Physical Sciences Research Council) Centre for Innovation
Manufacturing in Additive Manufacturing at the University of Nottingham, stated that
“Existing CAD systems are absolutely useless for exploring the design freedoms of

additive manufacturing” (Anthoniw, 2013, p.15).

Fixations within the ideation process based on previous experience, education, and
knowledge are one of the most fundamental problems for designers (Goldschmidt and
Sever, 2011; El-Zanfaly, 2015). This is demonstrated in the Earl Grey Syndrome and
pencil holder design workshop by Anderson (Anderson, 2012) showing the fixation of
the designer’s ideation imagination based on the application of new manufacturing
technologies. Earl Grey Syndrome refers to the limitations of creative activities to
correspond with emerging technologies and abilities. This term was coined from a
dramatic scene in the television series Star Trek. Here the characters use a replicator
machine which is capable of making anything from basic to unimaginably complex
items. However, due to their lack of imagination the characters repeatedly use the
replicator to make cups of Earl Grey tea. This symptom also presents itself in the area
of design. Anderson organised an experiment to ideate a pencil holder product with the
aim of exploring freedom of creation within three-dimensional printer manufacturing.
Product design students and professional designers joined together and produced

designs for their pencil holders. However, almost all of the final designs were timid
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variations of existing pencil holders. Anderson concluded from this that designers are
mentally enslaved by past experience and familiar tools. In this light, it is necessary to
identify the suitable ideation environment for increasing the quantity and variety of idea
generation, using either conventional or digital environments. Research by Jonson
(2005), Self et al. (2016), and Orthel and Day (2016) demonstrated that the

conventional environments are significantly more suitable than digital environments.

Self et al., (2016) conducted comparative analysis about ideation processes using
sketching in a conventional environment (paper and pen) and a digital environment
(tablet and software). In the digital environment, participants felt a sense of
heterogeneity because of the requirement for control of software and the different
feeling this creates compared to the conventional environment, and these issues
caused their thought mechanism to frequently shift between the problem and solution
space with insufficient quality of results. Meanwhile, in the conventional environment,
designers could generate sufficient quality of results in solution and problem spaces
based on intuitive usage. In particular, Orthel and Day (2016) demonstrated how the
number of ideas generated (quantity) are impacted according to the conventional and
digital environment. Four teams conducted three sketching methods by hand
(conventional environment), computer (digital environment) and others. As illustrated in
Figure 2.3.a, hand drawing (blue colour) was the most commonly used method in the

four teams (from 58 to 87 percent).

Furthermore, the two teams with the highest percentage of hand sketches (team A and
C with 77 and 87 percent) generated a much larger number of ideas compared to the
other two teams; the top two teams A and C generated approximately 400 and 300
ideas, and teams B and C around 50. An experiment by Jonson (2005) also shows
similar results. Five design students and five practitioners in diverse areas (product,
architecture, fashion, graphic, and general design) recorded ideation methods (text,
sketch, mock-up, and computer) via self-report for multiple sessions. Figure 2.3.c which
is a result of the first session shows the conventional ways were much more preferable
than digital (S for sketching, W for words, and C for Computer): 70 percent were
conducted in the conventional way (text, sketch, text and sketch), 20 percent in the

hybrid way (text and computer), and only 10 percent using digital methods (computer).
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Total Number of Drawings by Ideation Type
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W other
M hand
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Figure 2.3 The impact of conventional and digital environments in ideation.
Sources: (a) and (b) Orthel and Day, 2016, (c) Jonson, 2005
In summary, this research demonstrates that the conventional environment is the
preferred environment for the ideation process using basic ideation methods.
Designers are able to easily and intuitively express their thinking, and this enables the
generation of a greater quantity of ideas and supports increased concentration during

the process.
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2.3 Designers’ thought processes

In design, an understanding of underlying design process mechanisms supports better
insights into relevant design cases. It also aids designers understanding of problem-
solving approach and solutions, enabling them to better understand the
appropriateness of the solution’s proposed (Cash, 2018). Accordingly, an
understanding of designers' thought process during ideation is a key consideration for

the development and evaluation of ideation methods (Lawson, 2006).

Ideation is constructed with thoughts and their reflections (Dorst and Cross, 2001) over
two stages (Nijstad and Sroebe, 2006; Wang et al., 2018). Firstly, designers look back
at their long-term memory and reflect on problems, previous ideas, or other stimuli,
search websites for reviewing existing cases, or have conversations with colleagues
related to the design brief in order to refine coherent knowledge as a basic unit of
designers’ thought (Cross, 1999; Dorst and Cross, 2001; Orthel and Day, 2016;
Koronis et al., 2018). Secondly, each coherent piece of knowledge is temporarily stored
in the individual’s working memory where they are reflected upon through
transformation, combining, and adapting for true understanding of a situation, its

problems and solutions (Romain and Bernard, 2013; Wang et al., 2018).

According to the type of thought, the designer’s actions can be classified in four ways
(Schén, 1983); 1. naming for searching and selecting the relevant features such as
situation or problem, 2. framing for refining a core problem or solution, 3. moving for
generating ideas or relevant actions with experimental attitudes based on naming and
framing, 4. reflecting for evaluation to decide further ways that go back to framing or
moving actions. These four actions can be used as coding in order to describe the
designer’s inner mental process (thought process activities) through scrutiny of their
external expression. Observation-based research uses this coding to demonstrate
comparisons of designers’ inner mental process according to variables: the differences
of behavioural patterns between two groups (Valkenburg and Dorst, 1998), comparison
of the degree of sketching performance and level of attention according to conventional
and digital sketching environments (Self et al., 2016), and analysis of the reasoning
abilities and sketch representation between design students and non-design students
(Self, 2017).

Key findings that informed this research were how the success of ideation relies on the
designers’ ability to shift thoughts from problem space (naming and framing) to solution
space (moving and reflection), and focus on solution space (Self, 2017). The degree of

external expression as design representation (sketching, making modes, and others) is
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the core for shifting with enhancement of indications or appositional reasoning (Self,
2017). The conventional environment (the paper and pen in case of sketching) is an
easy and intuitive process, and increases intention. On the other hand, in the digital
environment (the tablet in case of sketching) designers were interrupted because of
software and hardware control issues (Self et al., 2016). The experiment by Valkenburg
and Dorst (1998) demonstrated how inner mental mechanisms (problem space or
solution space) impact on the inner mental process, external expression, and
successful ideation outcomes in response to the design brief. Two teams with similar
backgrounds developed a remote control robot to move as many balls as possible
between two fixed points in three stages over eight days (stage 1. two-days for design,
stage 2. five-days for building, and stage 3. one-day for competition). Analysis of the
experiment highlighted that shifting timing from problem to solution space in the first
stage (design during two-days) influences the effectiveness of ideation performance
and a solution concept generated through sequential stages. At this stage, the winning
team spent the longest time working (73%) within the solution space (moving), on the
other hand, the other team spent the longest time working (49%) within the problem
space (haming). These differences caused significant gaps in stage 2 building (external
expression) in terms of further direction of thought and development, with the winning
team focussing on testing and improving the stage 1 results through diverse actions:
“choosing ideas, generation of ideas, considering arguments, integrating parts,
evaluation of ideas, building models, detailing parts, consulting on interfaces, drawing
the design, and evaluation of the design.” (Valkenburg and Dorst, 1998, p. 268). The
other team, however, mainly placed the focus on
(Valkenburg and Dorst, 1998, p. 267).

choosing’ and ‘drawing™

2.3.1 Thought mechanism in ideation

The overall thought process of designers can be described as solution-driven
developments obtained through the iteration of mental activities and coherent
expression: “the thinking process of the designer seems to hinge around the
relationship between internal mental processes and their external expression and
representation” (Cross, 1999, p29). The ‘Problem-design exploration model Maher et
al., (1996) shows how each coherent piece of knowledge is connected, shifted and
reacts in line with idea development (see Figure 2.4.a). According to this model,
designer’s thinking can be divided into two spaces, problem and solution, and
designer’s thinking flow drives the ideations in two ways; shifts between two areas for

focus and fitness, and revision of the same areas for evolution.
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Dorst and Cross (2001) suggested ‘the co-evaluation of the problem-solution model’
that is elaborated in the ‘problem-design exploration model’ (Maher et al., 1996) based
on workshop observation (see Figure 2.4.b). To increase the probability of generating
an ideal outcome, the thought process (problem and solution) together with continuous
iteration of analysis, synthesis, and evaluation is much more important than first fixing
problem and solution. In detail, the formed coherent information in problem and
solution spaces shifts to become a core solution idea. After that, the core solution idea

generated changes the designer’s view about previously formed problematic

information.
(a) Problem-design exploration model
PROBLEM
SPACE Evolution
DIMENSION
Focus,
Fitness
/s Focus FO(':us,
DESIGN / Fitness Fitness
SOLUTION
SPACE >
DIMENSION Evolution

(b) Co-evaluation of problem-solution model

Problem-Space
Dimension

Solution-Space
Dimension

P(t) initial problem space
P(t+1) partial structuring of problem space

S(t) initial solution space
S(t+1) partial structuring of solution space

S(t+2) developed structuring of solution space
P(t+2) developed structuring of problem space

Figure 2.4 Designers’ thought process models in ideation. Source: (a) Maher et
al., 1996, and (b) Dorst and Cross, 2001
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Figure 2.4 illustrates designers’ thought processes (how their thought works and flows)
during ideation processes: the sequential process through correlations between
problem and solution-space dimension. With consideration of the limitation of methods
which focus on a specific part of the process and lack consideration for other methods
(Section 2.2), this property pointed to the main requirement: the need for systematic
stages for the whole ideation process in order to improve the ideation performance of

novice designers.

Empirical research identifies the major ideation stages based on designers’ thought
processes (Figure 2.4) that are reflected in their activities. Designers start ideation with
stimulation, drawing on past experience, by reviewing relevant empirical cases and/or
through research in response to the design brief (Koronis et al., 2018). Understanding
and inspiration acquired during this stage are used to draw analogies and generate
new concepts (Nonaka et al., 2000). The volume and quality of resources reviewed at
this stage impacts the designer's ability to draw fundamental analogies and gain tacit
knowledge (Goldschmidt and Smolkov, 2006). Tacit knowledge refers to the underlying
core principle(s) obtained from a wide spectrum of cases as an effective ideation
solution (Nonaka et al., 2000; Self et al., 2016) and is closely related to the degree of
ideation effectiveness and the designer's abilities. The aforementioned findings provide
the structured overall ideation process based on designers’ thought processes
comprising of three stages: review sources, draw analogies, and generate new ideas
(Figure 2.5). It will be referred to as the ‘ideation process model based on designers’
thought processes’, and is used as the basis to establish the method developed in this
thesis. A number of such processes are available in literature; this one was chosen
because it provides insights into the practicalities of overall ideation processes and so
supports the identification of the requirements for ideation methods along with

comparisons between novice designers and experts.

Input Designers Output

Design brief—p, Review sources > Draw analogies P Generate new idea —» Design concept

Figure 2.5 Ideation process model based on designers’ thought processes
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2.3.2 Comparison of ideation performance between novice and
experienced designers

Identification of the key factors involved an experienced designer and understanding of
the differences in ideation performance between novice and expert designers provides
the requirements for ideation method development with novice designers in mind.
Accumulated intensive working practice is the key factor rather than the learning of
specific skills, tools or an individual’s talent. According to Cross, the accumulated
amount of deliberate practice is essential; “The attained level of performance of many
types of experts,..., is closely related to their accumulated amount of deliberate
practice.” (Cross, 2004, p428). This practice needs to be undertaken for many
thousands of hours with the aim of improving performance, motivation, and

concentration (Ericsson, 1999; Ericsson, 2002).

Novice and expert designers tend to adopt different approaches to the ideation process
(Kavakli and Gero, 2002). Empirical experiments identify the different style of ideation
performance between novice and expert designers. Table 2.2 relates the literature on
novice and expert designer's approaches to design ideation with the ideation process
model shown in Figure 2.5. Experienced and novice designers usually employ different
strategies in resource searching, how they respond to difficulties, and in developing a
systematic ideation process (Hey et al., 2008). These differences affect the degree to
which appropriate analogies are drawn from resources and utilised in idea generation.
Overall, thinking styles and their variance, in accordance with external or individual
situations and specific ideation stages, are the distinct differences between novice and
expert designer groups. There are two main ways; depth thinking focuses on identifying
the critical issues or information with the aim of defining essence as solution
development, while breadth thinking treats almost every issue or piece of information
on the same level in order to make groups or normalise. Their appropriate strategies
are closely related to the successful problem-solving strategies (Ball et al., 1997).
Experienced designers conduct each action with clear objectives that are well linked
and structured accordingly (Kavakli and Gero, 2002). They search comprehensively
with the aim of identifying implicit or abstract knowledge as valuable solution cues (Ho,
2001; Ball et al., 2004; Dinar et al., 2015), and develop a deep level of understanding
across relevant areas (Self et al., 2016) in response to the design brief. If difficulties are
encountered, they review the required information (Ho, 2001) or switch the ideation
strategy from a breadth to depth first identification (Ball et al., 1997). On the other
hand, novice designers tend to perform concurrent actions with vague objectives
(Kavakli and Gero, 2002), and obtained information from research is often not well

connected to their actions or practice (Self et al., 2016). The novice tends to
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commence with a depth-first search, reviewing all information at the same level, and in

particular, overlooking the issue(s) that cannot be addressed (Ho, 2001; Dinar et al.,

2015). This ideation process activities limits novice designers' understanding and

ideation to surface-level cues from analogies (Ball et al., 2004). The aforementioned

differences were also observed in the ideation process between novice and expert

designer groups. If differences in the ideation process can be attributed to the

accumulated amount of deliberate practice, it enables the refinement of ideation

methods and definition of requirements in order to support novice designers to

efficiently reach the required level.

Table 2.2 Comparison of novice and experienced designers' ideation process

and abilities
Experienced designers Novice designers
Stimulation | Information Breadth-first search Depth-first search
(Review searching
sources) (Dinar et al.,
2015)
Information Identify quickly the most Review all
processing (Ho, | valuable issues and information on the
2001) opportunities same level
Using Obtain abstract knowledge | Understand surface-
information from external relevant level cues of design
(Ball et al., resources for analogies
2004)
Reactions Review the required Eliminate a problem
Analogies & | when faced information/knowledge (Dinar et al., 2015)
cognition with difficulties | (Ho, 2001)
(Draw Switch the ideation
analogies) strategy, from a breadth to
depth identification (Ball et
al., 1997)
Systematic Well-organised and Many concurrent
process structured actions actions with vague
(Kavakli and objectives
Gero, 2002)
Implicit Cognition- Obtain abstract knowledge | Understand surface-
knowledge obtained results | from external relevant level cues of design
(Generate (Ball et al., resources for analogies
new ideas) 2004)

In summary, novice designers conduct concurrent actions with vague objectives, but

also obtain results that are not well enough linked with each other to draw ideal

outcomes. This analysis indicates that the major requirement of the ideation method for
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novice designers is guidance for overall ideation with deliberate practices as they can
attain the expert designers’ performance through the development of three key
approaches: 1) research strategies cross relevant fields from design brief, 2) deep-
understanding of problem and solution, and identify fundamental solution concept, and

3) ideation process and activities for high-quality and novel outcomes.

2.4 Evaluation of ideation effectiveness

In design development processes, ideation is responsible for developing initial solution
concepts (Farel and Yannou, 2013; Moreno et al., 2015) from which the final design is
developed. The overall goal of design ideation is to generate novel or creative solutions
in response to the design brief. The ability to generate ideas is a distinctive
characteristic of designers, and the performance of the design ideation stage has a
significant impact on the overall success of the design process and its outcomes
(Moreno et al., 2015; Orthel and Day, 2016).

A design idea is a solution created by a designer in response to a design brief.
Individual ideas include analogies and notions of how the solution will function, how it
will respond to the brief and how it might be realised (Fu 2014). Individual ideas are
reached through designers’ actions, reactions and conversations, and derived through
sketching (Schon and Wiggins, 1992). Design ideas can be classified in two ways.
Type 1, P-creativity (P for psychological), stems from the mind of the individual
concerned. Type 2, H-creativity (H for historical) is derived from previous history
(Boden, 1998). From these two types of inspiration sources, designers collate relevant
experience, understanding, information, and assumptions in order to create various
ideas for problem framing, interpretation of issues (data analysis, scenario, specific

situation), and solution development.

Yang (2003) highlights a number of challenges in assessing the performance of design
ideation processes. However, many authors also recognise the importance of acquired
information to the quality of design ideation outcomes. Indexing, searching, and
classification are commonly used as information search strategies with the aim of
providing better understanding of individual designers’ ideation activities and linkage
with creating a successful outcome. Wide-range indexing, searching, and classification
of information clarifies relevant but ill-defined ideation issues, and this supports
researchers to clarify designers’ properties with specific perspectives (e.g., ideation
activities in accordance with working experience, specific environments, or controlled

situation), or assess newly developed ideation tools or methods based on in-depth
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understanding of designers’ ideation activities, (Maher and De Silva Garza, 1997).
Ahmed et al., (2003) carried out searching and indexing of 12 participants from 2 hours
of audio recording. 18 types of ideation process were identified based on 8 indexed
design activities (consider issues + aware of reason, consider issues + refer to past
designs, aware of reason + refer to past designs, aware of reason + question is it worth
pursuing, question is it worth pursuing + refer to past designs, refer to past designs +
use intuition, refer to past designs + find a different problem, and lack confidence in
own decision + use trial & error). This data highlights the difference in ideation
performance between novice and expert designers. Creating a novel solution through
application of emerging technologies, such as additive manufacturing technologies, is
one of the major challenges for designers because of lack of experience and fixation.
Lauff et al., (2019) introduces indexed and classified information of additive
manufacturing technologies through a set of 27 cards - each card presents specific
indexed information with a structured template (textual description, before and after
image description, pictures for real-world scenario) within four categories (product,
business, design process, and printability principles of designing). Overall, participants
evaluated this method as being extremely helpful to aid understanding of the concept
of additive manufacturing technologies and its application in ideation processes.

With consideration of indexing, searching, and classification for ideas, Shah (2003)
proposes four metrics to systematically assess design ideation performance: the total
number of generated ideas (quantity), how well ideas correspond to the given design
brief (quality), how many solution spaces were explored (variety), and how many
unexpected solutions were ideated compared to other cases (novelty). This evaluation
method has been widely used to understand and assess the effectiveness of ideation
methods or empirical experiments with respect of idea representation, stimulation,
analogies, and creativity (Linsey et al., 2011; Chan et al., 2011; Sarkar and
Chakrabarti, 2011; Venkataraman et al., 2017). Gray et al., (2019) introduced an
ideation tool for novice designers to address the specific situation in which ideas are
exhausted, and Shah’s metrics were used to evaluate this tool. This study also
normalised the participants’ characteristics, particularly the large range of designers’
ideation performances, according to the analogical distance between the design brief
and information obtained, and defining the role of novelty within design creativity
(Jagtap, 2019; Jia et al., 2020). The degree of successful outcomes in shape-based
design activities was also clarified within consideration of the virtual and real
environments, along with relationships between cognition and activities (Filippi and
Barattin, 2019).
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Numerical methods are based on comparisons between the experimental and control
groups. Cohen’s kappa coefficient is a commonly used method, and provides precise
assessments of agreements between two users because it considers both the
percentage of agreement and its actual situation (Tang et al., 2015). In this sense,
design researchers dealing with creative idea generation, analogy, inspiration and
fixation are using these kinds of assessment methods (Linsey et al., 2011; Linsey et al.,
2012; Wiltschnig et al., 2013; Vasconcelos et al.ss, 2017). Observations from specific
perspectives have been frequently used with the aim of identification of clear cues from
data collected or in accordance with research goals. Varied themes for observation
optimise research background, such as experiment environments, the number of
participants, or participant type (individual or groups). It is possible to observe
comprehensive actions and communication of participants with the aim of finding cues
and clarifying their response when establishing their desire to use tools, a method
previously developed, or a specific situation. The ideas generated through sketching
and writing are also observed to provide insight into participants’ thought mechanism
and its development process. These observations are recorded through notes,
marking, or counting the number of ideas with specific perspectives for analysis. The
experiments combine these evaluation methods or use in partly in order to design
optimised data collection and its analysis followed by indexing, searching, and
classification for ideas in response to their research objectives and experimental
environments. Yang (2003) used assessment tools alongside numerical formula, and
observation together (the number of ideas generated, timing of concept generation
associated, type of sketching, and influences from designer’s prior experience) in order
to identify the complex correlation between the concept generation process and the
degree of successful outcomes. Lauff et al., (2019) developed design principle cards in
response to support novice designers’ understanding and utilisation of additive
manufacturing technologies during the design development process. This research
used partial measurement metrics by Shah (2003), quality and novelty of ideas

generated, based on data from 61 participants.

Effective measurement criteria are needed to provide the clear and specific objectives
for the method being developed, and lead to effective development and evaluation
processes (Blessing and Chakrabarti, 2009). According to Shah (2003), ideation
effectiveness can be measured by evaluation of ideation processes and outcomes from
four perspectives: the total number of generated ideas (quantity), how well ideas
correspond to the given design brief (quality), how many solution spaces were explored
(variety), and how many unexpected solutions were ideated compared to other cases

(novelty). This evaluation method has been widely used to understand or assess the
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effectiveness of ideation methods or empirical experiments with respect of idea
representation, stimulation, analogies, and creativity (Linsey et al., 2011; Chan et al.,
2011; Sarkar and Chakrabarti, 2011; Venkataraman et al., 2017).

The linkage of four metrics (quantity, quality, variety, and novelty) by Shah (2003) are
illustrated based on ideation process and outcomes: ideation performance focusing on
‘quantity and variety’ closely influence the ‘quality and novelty’ solution concept
generation (Laing and Masoodian, 2016). This is because ideation processes achieving
quantitative and varied ideation enhance users’ in-depth understanding about
problems, solutions and the design brief, and so overcome fixations (Venkataraman et
al., 2017; Borgianni et al., 2018). A number of experiments also describe these
situations from workshop observation: “groups using the multiple dialogue treatment
generated mor