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ABSTRACT

EXPLORING AUGMENTED REALITY TECHNOLOGY AS A DESIGN
REPRESENTATION TOOL FOR ENHANCING THE PRODUCT
DEVELOPMENT PROCESS IN INDUSTRIAL DESIGN EDUCATION

Karadoganer, Alper
Doctor of Philosophy, Industrial Design
Supervisor: Assoc. Prof. Dr. Naz A.G.Z. Borekgi

September 2020, 366 pages

Design representation tools are among the most important mediums for industrial
design students in the product development process. Students use these tools to
explain their products and product aspects, such as form and mechanism, during their
presentations in desk crits and juries in order to get feedback from the tutors and
continue with design development. Desk crits are seen as a powerful and central
medium of design studio education, in which design students interact with the tutors.
Design representation tools are vital for desk crits to enhance the presentations of
design students and the interaction between the students and the tutors, mainly based
on the progress about product aspects in their design solutions. Understanding the
relationship between the product aspects and design representation tools is vital to
find out how the product development process can be enhanced with the proper use

of design representation tools.

Understanding this relationship is also essential for exploring how Augmented
Reality (AR) as a developing technology can be integrated as a supportive design
representation tool during the product development process, especially desk crits.
First, a study was conducted to explore the current product development process of

industrial design students. As a result of this study, the Design Representation Tool



(DRT) framework showing the relationship between the product aspects and design
representation tools is developed. In addition, product aspects’ requirements for AR
technology are identified, and AR Interaction framework is offered to show how AR
can be integrated into the design process. Based on the findings of this study, a
second study was conducted to explore the potentials of AR technology and the
effects of its integration into the product development process. This study revealed
that AR technology has many benefits and potentials for the product development
process as a supportive design representation tool.

Keywords: Design Representation Tools, Augmented Reality Technology, Product

Development Process, Industrial Design Education, Desk Crits
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_ ENDUSTRIYEL TASARIM EGITIMINDE URUN GELISTIRME
SURECINI DESTEKLEMEK ICIN TASARIM TEMSiL ARACI OLARAK
ARTIRILMIS GERCEKLIK TEKNOLOJISININ ARASTIRILMASI

Karadoganer, Alper
Doktora, Endiistri Uriinleri Tasarimi1
Tez Yoneticisi: Dog. Dr. Naz A.G.Z. Borekgi

Eyliil 2020, 366 sayfa

Tasarim temsil araglari, endiistriyel tasarim ogrencileri i¢in {irlin gelistirme
siirecindeki en 6nemli araclardan biridir. Ogrenciler bu araglari, masa kritikleri ve
jiiri sunumlar1 sirasinda gelistirdikleri form ve mekanizma gibi {iriin 6zelliklerini
aciklamak ve 6gretim elemanlarindan geri bildirim almak iizere kullanmaktadirlar.
Tasarim Ogrencilerinin 6gretim elemanlar ile etkilesime girdigi masa Kritikleri,
tasarim stiidyosu egitiminin gii¢lii ve merkezi bir araci olarak goriilmektedir.
Tasarim temsil araglari, Ogrencilerin sunumlarint ve oOgretim elemanlariyla
etkilesimini gelistirmek i¢in masa kritiklerinde Onemli bir yere sahiptir. Bu
etkilesim, temel olarak, 6grencilerin {iriin 6zelliklerini nasil gelistirdiklerine ve
ilerlettiklerine dayanmaktadir. Uriin 6zellikleri ve tasarim temsil araglari arasindaki
iliskiy1 anlamak, 6grencilerin iiriin gelistirme siirecinin tasarim temsil araglarinin

dogru kullanimiyla nasil gelistirilebilecegini anlamak i¢in 6nemlidir.

Bu iligkiyi anlamak, gelismekte olan Artirilmis Gergeklik (AG) teknolojisinin {iriin
gelistirme siirecine, Ozellikle masa kritiklerine, destekleyici bir tasarim temsil aract
olarak nasil entegre edilebilecegini ortaya ¢ikarmak icin énemlidir. Ilk olarak,
endiistriyel tasarim &grencilerinin mevcut iiriin gelistirme siirecinin incelendigi bir

calisma yapilmistir. Calismanin sonucunda iiriin 6zellikleri ile tasarim temsil araglari
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arasindaki iligkiyi goOsteren Tasarim Temsil Araglart (TTA) c¢ergevesi
olusturulmustur. EK olarak, AG teknolojisi igin tiriin 6zelliklerinin gereksinimleri
tanimlanmis, ve AG'in iirlin gelistirme siirecine nasil entegre edilebilecegini gosteren
AG Etkilesim gercevesi Onerilmistir. Bu ¢alismanin bulgularina dayanarak, AG
teknolojisinin iirlin gelistirme siirecine entegrasyonunun potansiyellerini ve
etkilerini arastirmak icin ikinci bir calisma yapilmistir. Bu c¢alisma, AG
teknolojisinin destekleyici bir tasarim temsil araci olarak iiriin gelistirme siirecine

bir¢ok fayda ve potansiyele sahip oldugunu ortaya koymustur.

Anahtar Kelimeler: Tasarim Temsil Araglar1, Artirilmis Gergeklik Teknolojisi, Uriin

Gelistirme Siireci, Endiistriyel Tasarim Egitimi, Masa Kritikleri
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CHAPTER 1

INTRODUCTION

This chapter describes the background of the problem by referring to the literature.
Based on this background, it defines the problem statement and purpose of the
research. To accomplish this purpose, it introduces the methodology of the research
and the research questions that this thesis will answer. In addition, it describes the
significance of the research, contribution to the literature and audience of the

research.

1.1. Background of the problem

During the product development process, industrial designers use a variety of design
representation tools, such as images, sketches, mock-ups or 3D-models, in order to
support their process. With the development of technology in software and hardware,
technological tools, such as computer-aided design and rapid prototyping tools, have
been started to be utilized increasingly in different stages of the process, from
concept development to prototyping. The 2D and 3D processes involved in the
product development process have progressed with the integration of technological
advancements. Digital tools used in design provide time-efficiency in product
development (Wilson and Fauscette, 2008), faster product development (Chen and
Owen, 1998), and efficient communication between designers and the other
stakeholders (Lynn, 2006). However, the usage of physical models during the design
process have decreased (Wilson and Fauscette, 2008; Bordegoni et al, 2006).
Building physical models have been decreased with the generation of 3D computer
models in 2D displays. 2.5D visualization approaches, 3D models in 2D screens, are
being used by designers to validate their ideas with fewer physical models in their

design process (Shin and Jennings, 2013). Although digital tools have several



opportunities for the design process, digital modelling tools are preferred for the later
phases of the design process (Aldoy and Evans, 2011). With the advancement of
technology in digital tools, use of physical models have decreased and digital tools
have increased to validate design concepts or to have 3D perception.

Physical prototyping can help the design process to carry out different design
activities in different stages of product development process, such as prototypes that
lead to ideation, fast prototypes that reduce fixation and prototypes that help user-
testing (Camburn et al., 2017). However, physical prototypes are used to verify and
identify design errors at the end of the product development cycle (Lanzotti et al.,
2018). In addition, physical prototypes, which look like the final product, are used
for user testing, to assess the final product, to test design alternatives by assessing
according to user requirements (Lanzotti et al., 2018). On the other hand, a virtual
prototype which is a digital model of a physical product simulated with computer
can shorten product development time (Gromova, 2019). In addition, several design
alternatives can be tested with virtual prototypes to find out the optimal alternative
(Gromova, 2019). Digital tools that support physical and virtual prototyping are
important to be used starting from earlier stages of the product development process.
The adaptation and integration of the developing technologies that can be used in the
product development process is required for designers to enhance their product

development processes starting from earlier stages.

The product development process followed in industrial design education is rather
similar to the practices in professional life. The design process follows a common
and clearly identifiable process in different design areas without regarding the
subject (Aspelund, 2010) with specific objectives, inputs and outputs. Aspelund
(2010) identified the process in design education with different stages and each
includes different objectives and requires the use of different knowledge and skills.
This defined process in design education is helpful for design students in terms of
development of their own skills and design approaches, and experiencing the design

processes similar to professional life (Tovey, 2012).



To support the product development process of design students, design studio
courses are considered as the centre of design education. These courses are supported
with studio-based activities, such as desk crits to support students” work and to
enhance the design studio environment. Desk crits structured in the design studio, in
which design students present their progress and discuss with the tutors to get
feedback, are important and helpful for the students to improve their product
development process and their learning process. Despite the challenges in design
education, such as new methods in teaching and the increasing number of students,
the design studio and desk crits remain as a distinctive and important method for
design education. Regular desk crits in design studio support communication and
interaction between the student and the tutor. With this regular communication
carried out in desk crits, students improve their knowledge, design skills and
understanding with the guidance of tutors (Goldschmidt et al., 2010). Through tutor-
student communication design knowledge is transferred; therefore, effective
communication between the tutor and the design student is crucial in the design
studio education.

During the product development process, students carry out different design
activities for different stages, such as problem identification, idea generation,
communication in desk crits, and evaluation. In addition to these activities, design
students pay attention to multiple considerations related to product aspects in order
to reach better design solutions starting from the beginning of a product development
process. For instance, users of the products are one of the important primary
knowledge sources for designers to understand needs and expectations for generating
effective design solutions enhancing user experience (UX), also to fulfil the
expectations and emotional needs of the users. Sproll et al. (2010) emphasize the
importance of UX indicating that it needs to be considered starting from earlier
stages of the product development process to eliminate failures in design. Similarly,
with the integration of technology and digital displays into products, design students
need to pay attention to the interaction between the user and the product, or user

interface if any, to enhance UX provided by the product. In addition, another



important design consideration is physical ergonomics that design students need take
into account to reach successful design solutions. Computer aided design (CAD)
systems can provide design tools that enable designers to make ergonomics
evaluations starting from the conceptual design stage (Porter et al., 1995) by
considering the capabilities of the users and their limitations. Hogberg (2005)
emphasize the importance of considering ergonomics at earlier stages of the product
development process to increase the quality of the product. Moreover, aesthetics,
performance, which is mainly about the components inside the product, and
relatively manufacturing need to be considered starting from concept design in order
to improve the product development process. Functional and aesthetic considerations
are important factors for the success of product design, influencing the users’
perception and satisfaction about the product (Rahman et al., 2010). Considering the
manufacturing method, material selection is important to meet the functional
requirements for the desired use of the product sensorial requirements for the senses
of the users (Karana et al., 2008) starting from the earlier stages of design process.
There are also relations between different design considerations, showing that a
design consideration needs to be thought from different perspectives in different
stages of the product development process. For instance, when manufacturing is
taken into account, considering aesthetics, material, inner components and the
assembly of the product might become important. In brief, design students need to
pay attention to several design considerations at different levels in different stages
of the product development process in order to reach more successful design

solutions or better final products.

During the desk crit sessions, students get feedback from the tutors based on their
development or progress about design considerations by making explanations. To
support these sessions, design students use different representation tools, such as
pictorial, physical and digital tools, while communicating with the tutors. Design
representation tools, such as sketching, visual mock-ups and 3D-models, are used to
support the student’s explanation in order to create a common understanding

between the student and the tutor, which increases communication between them.



The selection of the right tool according to both its ability and designers’ ability is
critical for designers to increase the productivity of their development process
(Stolterman, 2008). Design representation tools used during product development
process are grouped under sketches, drawing, models and prototypes by Pei et al.
(2011). Chandrasegaran et al. (2013) offer a different categorization of knowledge
representations including design representation tools under five categories; pictorial,
linguistic, virtual, algorithmic and symbolic. Pei et al.’s categorization does not
include virtual and pictorial tools such as 3D-model, AR, and photo, whereas
Chandrasegaran et al.’s categorization does not include physical tools, such as
physical models and prototypes. Considering this, the design representation tools are
categorized as pictorial, linguistic and virtual by adding physical tools based on
Chandrasegaran et al.’s categorization. Each design representation tool has
advantages and challenges for different stages of the product development process.
Several studies indicate benefits and challenges, and compare different design
representation tools, such as Sachse et al. (2001), Won (2001) and Rahimian et al.
(2008a). It has been suggested to switch between different design representation
tools that support each other or to use them together for enhancing the product

development process.

For industrial design education, one of the important challenges that needs to be
integrated into education is that newly developing technologies lead to an increase
in using digital tools, and in return, using digital tools influences the use of other
design representation tools (Bakarman, 2005). With the development of digital tools,
design students adapt themselves to this change and start to integrate the technology
into the design studios to use during the studio sessions (Souleles, 2013). For
instance, the design students use the latest software with their notebooks, which they
bring in the design studios (Souleles, 2013). This integration of the current and newly
developing technologies should be directed to support the product development
process of design students and to enhance effective learning environments, such as
desk crits, for design education. Newly developing technologies that have started to

be integrated into the product development process are virtual reality (VR) and



augmented reality (AR). These technologies have been studied to find out how they

can be used in product design practice and also education.

Developing digital technologies, like AR, come into prominence with the rapid
development of software and hardware technology. Although the most common
applications of AR can be seen in entertainment, marketing and military, AR
technologies are increasingly arousing both researchers’ and practitioners’ interest
to apply new uses in different fields. Since the publication of the Horizon 2010 and
2011 reports, it has been predicted that AR as an emerging technology is likely to
have growing impact on teaching and learning (Johnson et al., 2010; Johnson et al.,
2011). Horizon is an annual report of experts, who discuss their experiences about
technology adoption and changes in education with a review of recent literature. In
addition, Horizon describes itself as “education’s longest-running exploration of
emerging technology trends that support teaching, learning, and creative inquiry”. In
the latest Horizon report published in 2019, it was reported that the integration of
AR is likely to increase demand on the development and implementation of digital
learning environments (Alexander et al., 2019). The demand for this integration to
enrich digital learning environments will continue to rise. Furthermore, Horizon
2018 report states that universities utilize strategies including digital elements to
enhance learning in the physical environments more actively regarding interest in
multiple device usage including AR technology (Becker et al., 2018). AR in the
Horizon 2014 and 2015 reports, and mixed reality in the Horizon 2017 report were
listed among visualization technologies that have potential in the development of
learning strategies and in transferring of the content in education (Becker et al., 2017;
Johnson et al., 2015; Johnson et al., 2014).

The potential of AR technology has also been reported in the previous Horizon
reports. The Horizon 2016 report stated that AR as interactive learning with virtual
objects has the potential to enable learners to construct wider understanding and
deeper cognition with a new perspective supported by this immersive technology
(Johnson et al., 2016). In addition, as mentioned in the Horizon 2011 report, using

AR as interactive learning and its ability to give immediate feedback to the user have



potential for learners to create new understandings with the help of this interaction
(Johnson et al., 2011). A study conducted by Topal and Sener (2015) with industrial
design students shows the potential of utilizing AR in the presentation and
prototyping stages of the product development process. In addition, AR has the
potential to support other design stages and design activities during the product
development process. The interest in industrial design education for creating
interactive and effective learning environments with AR technology is still in its
infancy. The development of AR technologies and applications can enhance the
product development processes of industrial design students in a supportive way.
However, this field still requires exploration through further research to develop

better AR applications.

AR can be considered as an important virtual prototyping tool that can be used as a
supportive design representation tool during the product development process by
augmenting 3D virtual model of the design concept/product in the context as it is
there. However, the utilization of AR needs to focus on the stages of the design
process where the digital modelling activities start, while getting feedback from
design academics. Desk crit sessions during the product development process in
design education is an essential means to enhance the product development process
of the students, to guide about their future progress, to improve their learning and to
encourage them. Preferring digital representation tools during different stages of the
product development process might have positive outcomes, such as increasing
interaction between the student and tutor, and the effectiveness of the final product.
Therefore, AR as a supportive design representation tool can be utilized to enhance
or support the product development process and the desk crit sessions starting from
the earlier stages of product development process. Although the research and
development of AR in industrial design education to create interactive environments
is still in its infancy, the potentials of developing a large variety of applications need
to be explored through research in order to support the proper integration of AR
technology into the design process. In order to find out the potentials of AR as a

supportive design representation tool in the product development process, the current



process of the students in industrial design education firstly needs to be explored for
gaining insights on the use of different design representation tools and the
relationship between these tools and design considerations including the product
aspects, such as form and mechanism. It is important to understand which product
aspects can be supported with AR technology and how these product aspects should
be presented with AR technology. In addition, it is important to explore how AR
technology can be integrated into the design stages, particularly after 3D modelling
activities start, and to find out the potentials and effects of AR as a supportive tool

during the product development process.

1.2. Problem statement

Several researches were conducted to understand relationships between design
practice and the design representation tools, mostly based on the design stages. In
these studies, the effectiveness of these tools in supporting designers’ development
processes were mainly related to the stages of product development, such as
sketching for conceptual design stage and 3D-modelling for detailed design stage.
Moreover, the relation between the design stages and these tools were studied in
addition to the benefits and challenges of these tools. Design representation tools are
vital for the students to explain their design considerations during desk crits and are
important to support their product development process and communication with the
tutors. The explanations made by the students about their design considerations,
which are related to their project and developed with design representation tools
during product development process, is one of the most important parts of desk crits,
shaping the interaction between students and tutors. However, there is a gap in the
literature about the relationship between students’ design considerations that they
address within their design process, and the design representation tools that they use.
It is necessary to explore this relationship in order to understand how AR technology
as a supportive design representation tool can be integrated into the product

development process and desk crits in design education.



1.3. Purpose of the research

This research aims to explore 1) the relation between product aspects, such as form
and mechanism, and design representation tools, 2) the effects of design
representation tools on the product development process, 3) how these tools should
be integrated into design process and desk crits in industrial design education, and
4) how AR technology as a supportive design representation tool, in addition to other
tools, can be integrated into the product development process in industrial design

education.

1.4. Methodology of the research

The stages of the research is defined according to the action research as stated by
Stringer (2014), which is an approach to inquiry or investigate the current situations
by formulating effective solutions to the situations in order to improve them. This
research consists of three main phases; look, think, act including report, implement
and evaluate (Stringer, 2014). Similarly, this action research is presented by Kemmis

et al. (2014) in four stages; plan, act, observe and reflect.

Based on Stringer’s (2014) suggestion, the methodology of the research consists of
five stages; look (collecting data), think (analyzing the data), act (formulating the
findings), implement (integrating AR technology), and evaluate (evaluating the
integration of AR) in two different studies; one study to explore the current product
development process and another study to explore the integration of AR technology
into the product development process (Figure 1.1). The first study includes the look,
think and act stages, whereas the second study includes the implement and evaluate

stages.

The look stage includes data collection from industrial design students and
academics during the product development process of their graduation projects
carried out in the Department of Industrial Design at METU. Data collection consists
of observations of desk crits and surveys evaluated after each desk crit. After the

students completed their product development process and submitted their projects,



they were invited to participate in focus group sessions that were conducted to ask
them to evaluate their product development process in order to support the data

collected from the observation sessions.

:--- @ LOOK collecting data
: - Data collection from industrial design students and academics

during / N after
product | \ product
surve focus grou
development | Y / group development
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wie s @ THINK analyzing the data
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- Preparation of the data

- Analyzing the data

--@ ACT formulating the findings

Illustrating the Design Representation Tool framework
Suggested integration of the design representation tools
Defining product aspects’ requirements for AR technology
Illustrating AR Interaction framework

N2 28202

-- @ IMPLEMENT integrating AR technology
- Integrating AR technology into the product development process

during
a des.k survey evaluat'lo‘n
crit of the session
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-- @ EVALUATE evaluating the integration of AR

- Evaluating the integration of AR technology
- Revealing the benefits of AR technology for the product development
process

Figure 1.1. Methodology of the research

The think stage includes transcription of the observation notes and focus group

sessions, preparation of the data by reviewing them multiple times and analysis of
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them. In the act stage the findings were formulated. This stage includes illustrating
a model, the Design Representation Tool (DRT) framework that shows the relations
between the product aspects and the design representation tools. It also includes the
suggested integration of design representation tools into the product development
process. In addition, the act stage defines the product aspects’ requirements for AR
technology and illustrates a second model, the AR Interaction framework for product

aspects.

The implement stage includes data collection for a study in which AR was integrated
into the product development process of a project given to the students in an elective
course based on the findings of the first study. This stage includes the observation of
the students during a desk crit session and a survey for the evaluation of the

integration of AR technology into the product development process.

In the evaluate stage, analysis is carried out on the data for evaluating the integration
of AR technology into the design process. Transcription of the observation notes and
surveys evaluated by the students and the guest tutor were analyzed to reveal the

benefits of AR for the product development process of industrial design students.

1.5. Significance of the research

With the development of technology, newly developing representation tools, such as
AR as a supportive design representation tool, have started to being developed and
can be integrated into the product development process in addition to the current
design representation tools. Aiming at the integration of AR technology into the
product development process in industrial design education, this research
investigates the relations between the product aspects and design representation tools
by exploring the current process of industrial design students in order to understand
how AR technology can be integrated into design studio sessions. The difference of
this research from other studies described in the literature is its focus on this relation
in order to suggest the integration of AR technology and to guide the integration of
developing technologies.
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1.6. Contribution to the literature

This thesis will mainly contribute to the literature in industrial design education with
the following outputs. First, it illustrates the Design Representation Tool (DRT)
framework for enhancing the use of the tools in order to improve the product
development process. This model shows the relations between product aspects and
design representation tools. Secondly, the thesis defines product aspects
requirements for AR technology and offers an AR Interaction framework. These
outputs can be beneficial for AR researchers and developers to better develop
potential applications. They can also be helpful for academics to make decisions
about whether an AR application can be integrated into the process. Another output
is the benefits of AR technology as a supportive design representation tool for the

product development process of the students.

1.7. Research questions

Based on the relation between product aspects and design representation tools, this
thesis aims to provide guidance on how AR can be integrated into the product
development process. To achieve this aim, it mainly offers three investigations;
exploring the current product development process, exploring how AR technology
can be integrated into this process and understanding the benefits of this integration.

The research questions that are addressed are:

e How can design representation tools be used for enhancing the product
development process in industrial design education?

e How can augmented reality technology be integrated into the product
development process in industrial design education?

e How can augmented reality technology as a supportive design representation

tool affect the product development process?
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1.8. Audience of the research
This research may arouse interest for the following audience:

e Academics in industrial design education who want to improve the use of
design representation tools during the product development process.

e Academics who aim to employ AR technology as a supportive design
representation tool during the product development process.

e Design researchers who are interested in AR technology as a design
representation tool within industrial design education and profession.

e AR researchers and developers who want to develop AR applications for the

product development process.

1.9. Structure of the thesis

This thesis consists of six chapters and an overview of the chapters can be seen in

Figure 1.2.

Chapter 1 describes the background of the problem, problem statement, purpose of
the research, methodology of the research, significance of the research, contribution

to the literature, research questions and audience of the research.

Chapter 2 provides a literature review on the product development process in
industrial design practice and education. It describes the stages, design activities and
design considerations in the product development process. In addition, this chapter
explains design studio education in terms of design critiques, tutor-student
relationship and communication models in design studio. Furthermore, it presents
how knowledge is represented and the design representation tools used during the

product development process.
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Figure 1.2. Structure of the thesis

Chapter 3 reviews AR as a developing technology in education and in industrial
design. It briefly summarizes the AR technology to provide a background for its
terminology, developments and working principle. This chapter explain AR
researches conducted in education with its advantages, disadvantages and learning
gains. It also presents the current and developing AR tools used in industrial design
education and practice. In addition, it discusses the significance of AR, and its

benefits and drawbacks for the product development process.

Chapter 4 introduces the proposed methodology for exploring the product
development process of industrial design students and the studies conducted for this
exploration. Based on these studies, it presents the Design Representation Tool
framework, showing the relationship between design representation tools and
product aspects, for enhancing the development of product aspects. It also presents
how these tools are used to support each other considering product aspects. In

addition, this chapter presents product aspects’ requirements for AR technology and
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the AR Interaction framework to guide how AR can be integrated into the product

development process.

Chapter 5 introduces the proposed methodology for exploring the integration of AR
as a supportive representation tool in product development and the study conducted
for this exploration. Based on this study, this chapter presents the effects and
potentials of AR technology and the benefits of its integration into the product

development process.

Chapter 6 summarizes the findings, and discusses the outputs of this thesis based on
the research questions. In addition, it mentions the limitations of the studies and puts

forth potential directions for further studies.
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CHAPTER 2

PRODUCT DEVELOPMENT PROCESS

Industrial designers follow similar product development process in which they
conduct several design activies and pat attention to different design considerations
in order to find better solutions for their projects. In design education, design studio
and desk crits in studio sessions are considered as the most important medium for
the students to improve their process. Therefore, the relationship and communication
between the students and the tutors during studio sessions becomes important for
desk crits. In these crits, the students make knowledge representation about their
projects’ progress with different design representation tools, such as physical and
digital tools. In this chapter, a literature review on these topics will be presented
under three sections, product develpoment process, design studio education and

design representation tools.

2.1. Product development process in industrial design

The product development process has been defined by several researchers. The
product development process, namely design process, is mainly defined as an
iterative process including several stages to reach a design solution for a design brief.
This process was outlined around several stages. Wright (2002, p. 113) described the

design process with seven stages, which are;

Identification of the problem.

Gathering needed information.

Search for creative solutions.

Step from ideation to preliminary designs (including modeling).

Evaluation and selection of preferred solution.

S o

Preparation of reports, plans, and specifications.
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7. Implementation of the design.

Although Wright (2002) explained the design process with seven stages, he strongly
emphasized that one or more stages may not appear in different design processes and
the stages may be repeated multiple times iteratively in order to reach a desired
design solution. As defined by Baxter (1995), the development process goes through
the main stages of business opportunity, design specification, embodiment design,
detail design, and design for manufacture, with iterations if necessary. Each stage
includes several design activities to move on to the next stage of the design process,
illustrated in Figure 2.1 by simplifying the development process. Although the
process seems directional, iterations are suggested at the necessary stages of the

product development process.

v
Business v Design Concept Embodiment 4 Detail Design for
opportunity specification » design design design *» manufacture

market  opportunity ideas for best design, materials, best pre-production production
need  specification new products  concept manufacturing options  embodiment prototype prototype

Figure 2.1. Design activities at different stages of product development
(Baxter, 1995, p. 19)

Similarly, the product development process was described from planning stage to
production ramp-up stage (Ulrich and Eppinger, 2011). The industrial design process
takes place between these stages based on the product type, which may be
technology-driven or user-driven. The stages for user-driven product development
process, are concept development (identification of customer needs, concept
generation and selection, concept testing), system-level design in which industrial
design refines the most promising concepts, and lastly detail design, testing, and
refinement. Figure 2.2 presents the development process described by Ulrich and
Eppinger (2011).
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Figure 2.2. The product development process and industrial design process
for technology and user-driven products (Ulrich and Eppinger, 2011, p. 223)

The product development process is generally defined as an iterative process of the
stages. The industrial design process defined by Gotzsch (1999) suggests going forth
and back considering the function, emotion and aesthetics of design based on the
type of product. Modelling to test and make modifications is an iterative stage of a
design process (Cross, 1990). The design process is defined by Billet as a dynamic
process (Figure 2.3), in which the feedbacks provide information to support the next

phase of the development process (as cited in Charlesworth, 2007).
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Figure 2.3. Design process defined by Billet (1995) (as cited in Charlesworth, 2007, p. 36)

For this research, it is important to explore the design activities that are related to
design representation tools and the design activities that can be supported by AR
technology. Although virtual tools used in the design process are viewed as
presentation tools that can be employed after the development phase (Charlesworth,
2007), the design phases in which digital methods are employed, are; concept

19



generation, preliminary refinement, further refinement, final concept selection and

specification (Aldoy and Evans, 2011).

2.1.1.  Product development process in industrial design education

Industrial design education has shown a historical development. Knowledge and
skills developed with the design projects have been transferred from the workplace
to the design studio environment (Lawson, 2000; Souleles, 2013). In this respect, it
can be seen that the project development processes followed in industrial design
education have a similar structure to the practices carried out in professional life.
Aspelund (2010) states that the design process follows a common and clearly
identifiable process in different design areas without regarding the subject. This
design process includes stages with specific objectives, input and output. When the
design student progresses in the process by reaching the goals set for each stage, s/he
can better understand the dynamics of the design process, determine his/her design
solution path more accurately, make important decisions about his/her project on
time and evaluate his/her own product development process.

In addition, it is essential to define the stages of the design project, to manage the
process, to document it, to evaluate it retrospectively, to carry out teamwork, and to
organize the communication between collaborating parties (Aspelund, 2010).
Aspelund (2010) identifies the process followed in design education in seven stages;
inspiration, identification, conceptualization, exploration/refinement,
definition/modeling, communication and production. Each stage includes different
objectives for education and requires use of different knowledge and skills relatively.
A defined process with stages in design education is beneficial for design students
to understand design as an action, a process and a solution, to develop their own
skills, to create their own design approaches and to experience the processes they
will encounter in professional life (Tovey, 2012).

To support the progress of the design students, different instructional approaches are
applied and larger part of this approach is project-based work individually or in
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group (Souleles, 2013), especially in studio courses. Studio courses are supported
with studio-based activities, such as workshops, sharing experiences and critiques to
support individual or team work and to enhance effective studio environments. The
critique sessions are beneficial for the design students to present their progress and
to discuss with the tutors in order to get feedback. The informal critiques take place
during studio sessions and these studio sessions include the individual presentation
of each student to get feedback from tutors and sometimes industry experts and to be
evaluated (Souleles, 2013). Despite the challenges in design education, such as new
methods in teaching and increasing number of students, the design critiques and

project-based works remain a distinctive and important method for design education.

Design studio is seen as an important learning environment for design education,
where the learning-by-doing model takes place in, and communication between the

design students and tutors support the product development process.

The development of digital technologies and tools contributes to adapt and use them
during design studios and desk crits, which might affect the use of other design
representation tools. The younger generation of design students has adapted
themselves to this change. The current generation of design students, who are more
computer literate, show up in the design studios with their notebooks installed with
the latest software (Souleles, 2013). This adaptation of the technologies should be
directed to support the product development process of design students and to

enhance the learning environment, such as desk crits, for design education.

2.1.2. Design activities under the stages of the product development process

A study conducted with engineering students by Atman and Bursic (1996) to define
the activities in the design process found that the stages that the students followed
were; identification of need, problem definition, information gathering, idea
generation, modeling, feasibility analysis, evaluation, decision, communication,

implementation and other. The student carried out the activities in these stages while
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solving the design problems in order to reach design solutions. The detailed

explanation of these activities can be seen in Table 2.1.

Table 2.1. The stages of the design process defined by Atman and Bursic (1996, p. 244)

The stages Activities carried out in the stages
Identification of need Identify basic needs (purpose, reason for design)
Problem definition Define what the problem really is, identify constraints,

identify criteria, reread problem statement, question the
problem statement
Information gathering Searching for and collecting needed information

Generate ideas Develop possible ideas for a solution, come up with ideas,
list different alternatives

Modeling Modeling, describe how to build the idea, how to make it,
measurements, dimensions, calculations

Feasibility analysis Determining workability, verification of workability, does it
meet constraints, criteria, does it make sense, etc.

Evaluation Comparing alternatives, judgement about various options, is
one better, cheaper, more accurate

Decision Select one idea or solution among alternatives

Communication Define the design to others, write down a solution or
instructions

Implementation Produce or construct a physical device, product, or system

(note that in the experiment, subjects can only discuss
implementation, they cannot actually do it)

Other This code is used when none of the above codes can be
applied. For example, the subject may be transitioning
between two steps ('OK, let's see.). It also may be used when
the subject says something not relevant to the problem being
solved

Although these stages and activities were defined for the engineering design process,
it can be seen that there are similar stages and activities during the project
development processes followed in industrial design education. Studio-based
activities in industrial design education are important to support the students’ design
process. Workshops, design critiques with tutors and group critiques or evaluation
critiques, in which the design students present to their concepts/product to discuss
with a group of tutor and consultant(s), are included in studio learning environment
to support the stages that students follow in their product development processes.

These design activities take place in the design stages of studio-based education.
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2.1.3. Design considerations of the product development process

Starting from the beginning of a product development process, designers pay
attention to multiple considerations related to product aspects in order to reach better
design solutions. Some of these considerations are generally common for all design
solutions, such as ease of use and safety. On the other hand, industrial designers need
to pay more attention to specific aspects for specific products. For instance, with the
development of the digital technology, interactive products including digital user
interfaces are increasing and designers need to develop better solutions for these

product interactions in order to meet the expectations of users.

Users are one of the important sources of information providing designers an
understanding of their needs and expectations for effective design solutions.
Bruseberg and McDonagh-Philp (2001, p. 435) state “industrial design training is
embracing the need for designers to elicit user needs in order to support the
development of successful new products”. To do so, product design education
included user centered design methodologies by reflecting the professional practice
(McDonald-Philp and Lebbon, 2000). Understanding the users is essential to fulfil
the expectations and needs of the users, such as emotional needs. Empathizing with
a certain user group is crucial for designers to reach effective solutions that respond
to the emotional needs of the user (McDonald-Philp and Lebbon, 2000). In addition,
the exploration of user needs could eliminate the risk of failures in design solutions

and could provide better user experience (Wu and Pillan, 2017).

User experience (UX) can be considered as interaction with the product, usability,
desire towards a product or emotional relationship. Hassenzahl (2008, p. 12) defines
UX as “momentary, primarily evaluative feeling (good-bad) while interacting with
a product or service” by emphasizing the user and feelings through function,
interaction and presentation. Sproll et al. (2010) emphasize the importance of UX
indicating that it needs to be considered starting from earlier stages of product
development to eliminate failures in design. In addition, industrial designers need to

apply different approaches in order to evaluate the UX qualities of their concepts in
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order to reach better design solutions providing better experiences. Users, their needs
and expectations, their emotions, and user experience are important factors that

industrial designers need to consider during product development.

In addition to these factors, industrial designers need to focus more on interaction or
user interfaces with the changes in user-product interaction and relatively user
behavior towards the smart products that have been changed and developed in time.
With the integration of technology and digital displays into the products connected
and controlled through interaction, industrial designers need to explore the
interaction of tangible products (Vitali et al., 2017). Interaction is also an important
factor that needs to be taken as another design consideration. As stated by Yang and
Chen (2009), the core of interaction design is to make a balance between the user
and technology by improving emotional enjoyment and user experience, which
needs to be sustained by industrial designers. Similarly, user interface is a design
consideration that industrial designers need to take into account, in order to fulfil the
expectations and needs of users for physical products including a user interface, by

providing better user experience through better usability.

Physical ergonomics is an important design consideration that industrial designers
need to take into account during product development to reach successful design
solutions. Industrial designers need to access ergonomics information through
research or access to necessary information from ergonomists. CAD systems provide
design tools that enable industrial designers make ergonomics evaluations, such as
posture, reach and clearances, on the design concepts starting from the conceptual
design stage (Porter et al., 1995). Physical ergonomics during the product
development process for industrial designers is also to consider the capabilities of
the users and their limitations to reach an appropriate posture for comfort, usability
and safety. Hogberg (2005) emphasizes the importance of considering ergonomics
at earlier stages of the product development process to increase the quality of the
product, and mentions that product designers need to use methods supporting
ergonomic consideration together with the other design considerations. For instance,

Suri and Marsh (2000) suggest the scenario building method for user profiling and
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task analysis to get information about user characteristics, tasks, activities and goals
that product designers need to consider by making user research, such as field

observation or interviews.

In addition to physical ergonomics, aesthetics and relatively manufacturing need to
be considered by industrial designers from users’ perspectives starting from concept
design in order to improve the product development process (Wallace and Jakiela,
1993). Moreover, industrial designers need to focus both on aesthetics and
performance, which is about the components inside the product for successful
products, and computer tools support industrial designers in deciding on component
alternatives during product development in addition to considerations of aesthetics
(Wallace and Jakiela, 1993). Although a relation between functionality, referring to
the performance, and aesthetics was not found in a study conducted by Han et al.
(2019), these design considerations were seen to play important roles in product
design. However, when functionality is considered as the inner component of a
product, it might most likely be in relation with aesthetics. Similarly, functional and
aesthetic considerations are important factors for the success of the product design,
which influences the users’ perception and satisfaction about the product (Rahman
et al., 2010). From users’ perspective, aesthetics is considered as emotions, feelings
and perceptions that users experience through product design (Lam et al., 2016;
Venkatesh and Meamber, 2008). In brief, aesthetics and functionality are vital factors
that might be related with each other in addition to the users’ perception and

satisfaction.

Considering aesthetics in product design, other related design considerations are
manufacturing and materials. During the product development process, decision
making about manufacturing method and material selection is done according to
several factors; technical aspects, aesthetic requirements, or demand of company
(Souza et al., 2017). Materials should meet the functional requirements for the
desired use of the product and sensorial requirements for the senses of the user; thus,
industrial designers need to select proper materials for the product they are
developing by considering the technical and sensorial aspects of materials (Karana
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et al., 2008). Although material consideration predominantly takes part in the
detailing stage, in which industrial designers need more specific information
according to the details with the technical specifications, designers need different
information about material aspects to consider material in different stages of the
product development process, such as intangible aspects in the conceptual stage that
can respond to users’ perception and emotions (Karana et al., 2008). Relations
between different design considerations show that a consideration needs to be
thought from different perspectives in the different stages of the product
development process. When manufacturing is taken into account, considering the
assembly of the product also becomes important to optimize the cost and time to
assemble the parts. Boothroyd (1994) emphasizes the importance of considering
assembly and manufacturing starting from the earlier stages of the product
development process. The importance of considering maintenance of a product is to
improve user satisfaction and sustainable consumption (Zhang and Chu, 2010). In
addition, maintenance has a vital role for the product life cycle and is seen as the
most efficient way to sustain functionality of a product during its lifecycle (Takata
et al., 2004).

In brief, as mentioned in this section, industrial designers deal with many different
design considerations during the product development process in order to reach
successful design solutions or better products. Design considerations are mostly
related to each other and cannot be considered separately. Industrial designers need
to consider these all together during their product development process. For instance,
industrial designers need to consider aesthetics, usability, technology, interfaces and
similar product aspects for an interactive smart product (Wu and Pillan 2017).
Industrial designers take into account these considerations at different levels in

different stages of the product development process by considering their relations.
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2.2. Design studio education

The design studio is seen as the center of design education and design critiques are
considered as the major medium in which design students present their progress to
discuss with the tutors and to get feedback. Considering design studio and critiques,
tutor-student relationship and the communication between them are important for
tutors to transfer design knowledge to the students and are vital for the students to
make knowledge representation externalized with design representation tools in
order to improve the students’ progress, enhancing their product development

process.

2.2.1. Design critiques in studio education

The design critiques structured in the design studio are crucial for the design students
both to enhance their product development process and to improve their learning
processes. A study conducted by Cross (1997) showed that better qualified concepts
were emerged through team discussions. Even crits by students, namely peer crits,
on design concepts with their peers support the importance of the design critiques.
Studio education is defined as reflection on action by Schon (1991), in which design
students follow a design project under the tutors of the design studio. During their
project in the design studio, students get feedback from the tutors based on their
actions, namely the design activities and steps carried out during the design
development process. Studio education through project-based learning consists of
“learning through applying analysis, synthesis, judgement, and arguing ideas” to
develop the students’ design and tacit thinking skills (Hokanson, 2012, p. 73). These
ideas focus on the communication between the design students and the tutors in the

studio learning environment unlike a classroom experience.

Design critiques are mainly used to define a broader range of design activities
including reflections, discussions, juries, and presentations, and are described in
different forms. When the term critique is shortened to the term crit in design, crit
generally refers to individual or small group activities (Hokanson, 2012). Blythman
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et al. (2007) report several types of crits; desk crits, formative crits, summative crits,
industry project crits, group crits, reviews, seminars, peer crits, and online crits
(Table 2.2).

Table 2.2. Different types of crits (Blythman et al, 2007)

The types of crit Explanation of the crits

Desk crits One to one discussions tutor and student

Formative crits Crits which usually take place at some interim stage during a
project/module before work is submitted for summative
assessment.

Summative crits Crits where a mark or grade is given for the work. This can

be as part of the crit where the presentation may be taken into
account as part of the mark or by staff looking at the work
after feedback has been given to students.

Industry project crits Often used by architecture and design courses, where an
invited professional from industry is part of the crit panel.

Group crits These are the most common form of crits, where a group of
students take part in a crit run by one or more tutors.

Reviews A name used by some architecture courses for a group crit.

Seminars These sessions can be crits usually in a more intimate setting
with a smaller group of students and staff.

Peer crits These are crits run by the student group with the tutor acting
as a facilitator.

Online crits Students place their work for critique online and students

send comments to the individual student.

Crits are considered as a powerful medium in the learning process of the students
(Percy, 2004) and the centre medium of design studio education (Schon, 1991;
Goldschmidt et al., 2010; Hokanson, 2012). On the other hand, there also are counter
opinions. Percy (2004, p. 152) argues in her study that crits “fails to serve as a vehicle
for students to express their learning through design”. Similarly, Blythman et al.
(2007) report about summative crits that they can often be found as frustrating
because the students may not progress through reflections to continue their
development process. On the other hand, tutor expectation about summative crits is
to teach the students how to make reflections and evaluations about their progress

and develop their own judgement.
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Hokanson (2012) defines the peer crits, desk crits and summative crits or final
critiques as central of the design critiques. However, he also pointed out that
summative crits are most likely to be less effective for idea development and
students’ learning. Similarly, final presentation experience was seen as less effective
than the other crits in design studio learning experience (Anthony, 1987). Generative
critiques, such as desk crits and group crits are seen as very successful and effective
to engage students in the explanation and discussion of their design in an informal
studio environment, which aims at the improvement of the students’ product
development process by coaching and guiding the students about their progress
(Blythman et al., 2007; Hokanson, 2012). Generative critiques are considered as
coaching or guiding the students (Schon, 1991; Hokanson, 2012) to improve problem
solving skills, find better solutions and make better judgements (Hokanson, 2012).
Desk crit, as a generative critique, is one of the most important medium of design
studio education. Design students can benefit from the critiques of the tutors in order
to improve their product development process (Shaffer, 2003). Therefore, it is
important to support desk crits and enhance the interaction between the students and
the tutors by using proper design representation tools and by integrating developing

tools that can be used for industrial design education.

2.2.2. Tutor-student relationship and the role of tutors in design studio

Although there are also formal discussions, such as evaluation juries, the most
common sessions in design studio is the desk crit, which can take place either at the
tutor’s desk or the student’s desk. As also described by Schon (1985), the student
presents and explain their process whereas the tutor tries to understand the problems
of the students, their needs about the knowledge and also tries to observe their
process. In addition, the tutor tries to intervene during the students’ presentation and
explanation, and respond to the students’ problems, needs and understanding. This
is one of the most important tutor-student communication means to improve the

student’s progress on a regular desk crit. With this regular communication in desk
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crits, students improve their knowledge, design skills and understanding with the
guidance of the tutors (Goldschmidt et al., 2010; Goldschmidt, 2002).

Goldschmidt et al. (2010) define the desk crits as the most prevalent format in design
studio. In addition, they describe desk ‘crits as a medium in which students present
the current state of their projects in addition to the development since the last crit
and the tutor discusses about their process to help them continue with their
development in the right direction by asking questions, giving examples, suggesting
alternatives, indicating problem areas and so on (Goldschmidt et al., 2010;
Goldschmidt, 2002). During these desk crits, tutors’ role becomes important because
they put their knowledge and professional skills into design studio in addition to their
personalities, understanding of their role and values (Goldschmidt et al., 2010).
Based on Quayle’s (1985) six teacher profiles by focusing on desk crits, Goldschmidt
(2002; p. 432) lists three instructor profiles:

“Instructor as source of expertise/authority: The instructor knows something that
the student is trying to learn; he or she is expected to transmit this knowledge and
know-how to the student who, in turn, is expected to know how to extract it from

the instructor.

Instructor as coach/facilitator: The student has potential abilities and tacit
knowledge and the instructor is expected to help develop and maximize this
potential through guidance and opportunities for the acquisition of experience.
Schon (e.g., 1987), among others, insists on describing the design instructor as a

coach.

Instructor as ‘buddy’: The instructor provides positive reinforcement and
encouragement and helps in the socialization process into the professional

community and its culture” (p. 432).

Although there might be intersections of these profiles in a tutor’s role in design
studio, the tutor can rarely perform these profiles equally (Goldschmidt, 2002). In a

study conducted by Goldschmidt et al. (2010) coaching, which was defined as
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somewhere between dominating the crit and being facilitator with minimal impact,

seemed to be the most beneficial strategy in which the students felt as equal partners.

The technology starts to take place in the studio and students use technology to
present their progress (Goldschmidt, 2002). In addition, newly developing
technologies lead to an increase in using digital tools in industrial design education
(Bakarman, 2005), in which design students adapt themselves and bring the
technology into the design studios to use during studio sessions (Souleles, 2013).
Therefore, the integration of the technologies into tutor student communication
needs to be directed in order to improve better communication between them by
enhancing the learning environment and to support the product development process
of the design students.

2.2.3. Communication model in the design studio

During design studio sessions, especially desk crits, design knowledge is
communicated to the design student. Through communication or interaction between
the tutor and the students, design knowledge is transferred with tutor’s personal
profile to provide the design students with self- conscious experiences in a
meaningful way by supporting them with design knowledge to the specific case
solutions (Uluoglu, 2000). Teaching through communication in desk crits mainly
depends on the tutor student communication. A model for tutor student interaction
in the design studio suggested by Uluoglu (2000) tries to define general and personal
aspects of design knowledge (Figure 2.4). She also stated that “Representation of
knowledge with a communicative intent will be different from one’s own internal
representations. What happens within an individual’s mind and what happens
between two people may lead to different results” (Uluoglu, 2000, p.36). Thus,
effective communication between the tutor and the design student is crucial in design

studio education to transfer design knowledge in the intended way.

In this model, the communication or interaction is mainly provided in studio critiques

through design knowledge representation. The tutor’s educational role is defined by
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educational choices and communication style, in other words, knowledge gained
through tutor guidance and experiences through tutor demonstrations. Furthermore,
the tutor’s architectural role is defined by architectural knowledge and design
knowledge which refers to personal knowledge and might differ from other tutors
based on the approach to the design process and control mechanism to handle the
design process in the design studio. In addition, the tutors specifically adapt this
knowledge according to the semester of the design studio, in which they define the
objectives of the projects and characteristics of the studio. On the other hand, the
student’s role is defined by architectural and design knowledge as an architect and is
defined by learning style and communication style as novice designer. Although this
tutor-student interaction model in the studio is based on architecture, interaction in
the industrial design studio is similar. In addition, this model is valid for the design

fields including similar studio education, like industrial design and architecture.
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Figure 2.4. A modal for interaction between studio-master as tutor and the design students
in the studio (Uluoglu, 2000, p. 38)
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Uluoglu (2000) defined fourteen representational forms of design knowledge that the
tutors use to communicate with the students during the studio critiques based on the
purpose of the message to be given to the students. These are; interpretation,
coaching, questions, demonstration, description, completions, examples, reminders,
positive evaluation, analogies, problem statement, scenarios, conflict statement,
negative evaluation and others (informal conversation) (Uluoglu, 2000). These
different representational forms depend on the purpose; these may include to
understand the content, guide about how to do, enlighten the students to broaden
their thinking, evaluate to move the student to next stage, and help students fill the
gaps between their ideas and the products. The representational forms of design
knowledge mainly define the communication and interaction between the tutor and

the student during critiques in the design studio.

2.2.4.  Knowledge representation in design

Owen and Horvath (2002) categorize the product realization knowledge into four
levels; product development knowledge, product representation knowledge, product
assessment knowledge, and product making knowledge. While development and
representation knowledge is more related to the product development process,
assessment and making knowledge mostly include knowledge about assessment and
manufacturing. Product development knowledge includes specifications for design
or product, user requirements, material selection, product technology, cost, and other
knowledge related to the development process. Conceptual ideas and solutions,
decisions through solutions, product optimization for solutions, experiences with a
similar product that the designer develops and similar types of knowledge are related
to development knowledge. This knowledge needs to be externalized with
representations. Product representation knowledge is represented in several forms;
definitive drawings of product or parts, physical models of concept, integration of
standard or existing parts, 3D or CAD modelling, CAE analysis models,
development of prototypes and similar (Owen and Horvath, 2002).
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These design representation tools can be classified. Based on Owen and Horvath’s
(2002) classification, there are mainly five classes of knowledge representations,
which are pictorial, symbolic, linguistic, virtual, and algorithmic. Product knowledge
representations can be in the form of drawings (pictorial), production rules
(symbolic), user requirements (linguistic), CAD modelling and virtual prototypes
(virtual), or operational procedures (algorithmic). Representative examples of
knowledge representations from product design for different classes are given in
Table 2.3 and knowledge representations used in different stages of product design

are seen in Figure 2.5.

When looking at the classes of knowledge representations, pictorial, linguistic and
virtual representations are the ones that are used by industrial designers during the
product development process. In addition to these knowledge representations,
physical representation can also be considered as mock-ups, physical models, and
prototypes, either of low fidelity or working ones, and such similar tools. Therefore,
there are mainly four classes of product design knowledge representations used in

design education, namely, pictorial, linguistic, physical, and virtual.

As stated by Chandrasegaran et al. (2013), some representations can be included in
different classes and this classification of knowledge representation does not show a
strict distinction between different representations. This indicates the relationship
between different knowledge representation tools used in the design process. An
effective product design as a supportive tool during the product development process
is defined as the ability to capture the knowledge, the ability to present knowledge
relevant to the context, and the ability to reuse the knowledge (Chandrasegaran et
al., 2013). Considering the iterative process of product design, different knowledge
representation tools need to support each other and allow the designers to enhance
their process in terms of better exploration of design ideas and solutions, better
decisions and evaluations, and better representations that increase communication in

collaborative settings.
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Table 2.3. Examples of knowledge representations for different classes
(Chandrasegaran et al., 2013)

Classes of knowledge | Examples of knowledge representations from product
representations design

Pictorial Sketches, detailed drawings, charts, photographs, CAD model
representations views

Symbolic Decision tables, production rules, flow charts, assembly tree,
representations fishbone diagram, ontologies,

Linguistic Customer requirements, design rules, constraints, analogies,
representations customer feedback, verbal communication,

Virtual CAD models, CAE simulation, virtual reality simulations,
representations virtual prototypes, animations, multimedia,

Algorithmic Mathematical equations, parametrizations, constraint solvers,
representations computer algorithms, design/operational procedures
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Figure 2.5. Knowledge representations in different stages of product design. Design
process based on Pahl and Beitz (1996) and classification of knowledge representation
based on Owen and Horvath (2002) (Chandrasegaran et al., 2013, p. 208)
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2.3. Design representation tools in the product development process

Industrial designers utilize multiple design representation tools during their
development process to communicate with the stakeholders or the tutors, develop
their ideas, and model their concept for digital fabrication and visualization. With
the development of digital tools, designers have started to integrate these tools to
benefit from the advantages. On the other hand, improper use of design
representation tools might lead to critical issues, like bounded ideation, which
decrease the effectiveness of the development process. Without considering the
power of a design representation tool and how it supports the process, idea fixation,
lack of communication and inappropriate representation might emerge. The selection
of the right tool according to both its ability and designers’ ability is critical for
designers to increase the productivity of their development process (Stolterman,
2008). The effectiveness of the design representation tools in supporting the design
process enables designers to make better decisions about tool selection (Self et al.,
2009). Several researches have been conducted to understand relationships between
design practice and the design representation tools. The effectiveness of the tools in
supporting designers’ development processes were found to be mainly related to the

stages of product development, such as conceptual design and detailed design.

2.3.1. Pictorial tools used in the product development process

The use of pictorial tools starting from earlier stages of the product development
process is undisputedly important for idea generation, communication,
conceptualization and so on. A study conducted by Menezes and Lawson (2006)
showed that sketching has a strong relation with the conceptual stages of the product
development process. In addition, designers’ interaction with conceptual sketches is
important for designers both for their productivity and for communicating with
others. The importance of interacting through conceptual sketches to support
productivity was also reported on several researches (Goldschmidt, 1991; Suwa and

Tversky, 1997; Tovey et al., 2003). The interaction of design students with their

36



drawings during the conceptual phase seemed to be stronger and more relevant to
students than their skills (Menezes and Lawson, 2006). The vital role of sketching is
to initiate and develop creative ideas starting from earlier stages of the design
process, and generation, revision, and refinement of the ideas can easily be done with
sketching (Shih et al., 2017).

A study conducted by Cardella et al. (2006) showed that sketching also had an
important role in problem solving activities and supported communication during the
design process. In addition, McGown et al. (1998) found in their study that the use
of sketching is more common in the conceptual stage, with the highest use during
the beginning of the product development process, having the advantages of speed
and ease of use. Different types of sketching were also identified, depending on the
purpose of the designers. For instance, thinking, talking and prescriptive sketches
were identified by Ferguson (1992); realization, learning and designer sketching
profiles were identified by Bar-Eli (2013); and other types, such as working sketch,
preliminary sketch, conceptual sketch and detailed sketch, were defined in different
studies (Goel, 1995; Do and Gross, 1996). Thinking sketches can be considered as
the interaction of design students with their drawings during their individual
processes, whereas talking sketches are those that support the discussions within a
group. Prescriptive sketches are those used for communicating with people from
outside of the product development process. Conceptual sketching is considered as
the centre of the emergence of new ideas that were not planned, as well as the centre
of the transformation, development and generation of new ideas (Menezes and
Lawson, 2006; Sun et al., 2014). In a study conducted by Pei et al. (2011), sketching
is grouped under four categories; personal sketches including idea, study, referential
and memory sketch, shared sketches including coded and info sketch, persuasive
sketches including sketch rendering and handover sketches including prescriptive
sketches. Each group has different purpose, personal sketches for externalization of
thoughts, shared sketches for conveying information, persuasive sketches for
evaluation of the design concept with realistic representations and handover sketches

for conveying required information to other member in the team.
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2.3.2.  Physical tools used in the product development process

Physical tools are integrated into the design process by designers for various
purposes during different activities within different stages of the product
development process, used for solving problems, supporting idea generation,
evaluating ideas and concepts, and effective communication. As stated in Robin
(1993), James Dyson, a popular designer with his inventions, reaches creative
designs by experiencing and observing physical objects. His approach to solve the
problems depends on working with physical objects in the workshop. Although some
studies point to the risks of using prototypes in the earlier stages of the development
process such as time constraints (Dow et al., 2010) and idea fixation (Christensen
and Schunn, 2007), opposite results have been indicated in other studies. When
physical prototypes are integrated into the design process rather than only sketching,
more beneficial ideas emerge with the assistance of the physical models in design

reasoning (Viswanathan and Linsey, 2009).

The results of a study conducted by Salwa et al. (2015) show that participants that
integrate prototypes in early stages of the design process increase the number of ideas
when compared to others who do not, resulting in more creative ideas with the help
of prototypes. Thus, using low fidelity models and prototypes iteratively as early as
possible is suggested to underline critical problems and to widen the creative design
solutions more effectively. Using low fidelity models and prototypes properly in
early stages of the development process enables designers to make evaluation and
verify critical requirements, resulting in better final design solutions. A research
carried out by Yang and Epstein (2005) indicated that less detailed prototypes result
in better final designs. These studies intensify the idea that low fidelity models and
prototypes with less details can also support the designers in solving problems with
improved idea generation and better design solutions starting from earlier stages of
the product development process. Pei et al. (2011) defines the physical models used
in industrial design as sketch models, design development models, operational
models and appearance models. Sketch models are used to capture the key
characteristics of the design concept whereas design development models are used
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to explore the relations between different parts. Operational models are used to
understand how the product is used and to evaluate physical ergonomics whereas
appearance models are for physical representation of the product. They also define
appearance prototypes used in industrial design for detailed representation of the

product with its final form, functional aspects and ergonomics.

Designers are encouraged to use physical models in the design process as a tool for
evaluating and stimulating ideas (Charlesworth, 2007). In addition, prototypes in the
later stages of the design process are important to evaluate design concepts for the
continuation of the development process, and prototypes of design concepts made in
the early stages are known to lead to mature outcomes (Sanders and Stappers, 2015).
The other significant roles of the prototypes are to trigger effective communication
in collaborative settings (Stappers, 2009) and to act as innovation catalyst in group

environments in the early stages of the design process (Mahtani et al., 2019).

As stated by Mahtani et al. (2019), prototyping tools need to be cost effective to
evaluate ideas or concept(s) by using prototypes and these prototypes need to provide
the right feedback to designers. In addition, effective communication through
prototypes needs to be supported with prototyping tools. Prototypes should be
dynamic, enabling designers to make quick changes or iterations. In this sense, the
use of 3D modelling allows designers to turn their prototyping into a quick and clean
process. However, integrating CAD and rapid prototyping instead physical
modelling needs to be managed carefully by design educators (Charlesworth, 2007).

2.3.3. Digital and virtual tools used in the product development process

The integration of digital tools into the product development process allows the
support of different design activities carried out within the stages of the design
process; namely visualization, generating new ideas, creativity in groups,
communication, and fabrication. One of the potentials of CAD is the support that it
provides for enhanced visualization and communication through digital models

(Robertson and Radcliffe, 2009). In addition, it supports the creative process with
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the implementation of new ideas as well as the communication between the partners.
Computer based tools can also be used to record ideas, which makes communication

and sharing of ideas easier within groups (Dennis and Williams, 2003).

CAD models have the potential of enhancing the cognitive activities of designers
starting from the early stages of the design process, as well as sketching (Shih et al.,
2017). In a study conducted by Robin (1993), CAD was seen as a tool that helps
designer explore and present the design ideas effectively after the conceptual phase.
Oxman (2006) states that CAD technology is used for graphical representation,
advanced modelling and evaluation during different stages of the product
development process. In addition, CAD has the ability to support detailed design in
the later stages of the design process when compared to sketching (Self et al., 2009).
Shih et al. (2017) stated several advantages of CAD models and indicates a major
advantage as the information precision of the product, such as layout and scale,
which allows the designer focus more on their process. Moreover, CAD models
support interactive and visual environments that support the exploration of the ideas.
Salman et al. (2014) state that CAD tools can be used to generate conceptual designs,

to inform about the design, and to present the design.

It can be easily seen from these studies that the use of digital tools, especially CAD
tools for designers, has increased starting from the early stages of the product
development process through to the later stages. This increase has roots in the
advantages of digital tools, such as enhancing cognitive activities of designers,
supporting the exploration and presentation of ideas, and supporting enhanced
visualization and communication through digital models. On the other hand, there
may be critical disadvantages of the use of CAD tools. Shih et al. (2017) state that
using CAD tools may influence circumscribed thinking negatively, which leads to
decrease in creativity. In addition, these tools may cause bounded ideation and
therefore may not be always helpful for idea generation. When the design idea
becomes more detailed, design fixation may emerge resulting in the resistance of
further development of the product. However, when CAD tools are used properly
during the product development process starting from the earlier stages, they may
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support and enhance designers’ processes from different points. Switching between
different design representation tools or using them together will be more effective,

supportive and helpful for designers.

2.3.4.  Approach towards design representation tools

As mentioned in previous sections, each design representation tool has advantages
for different phases of the product development process. Several studies indicate the
advantages and disadvantages or benefits and challenges of design representation
tools. In addition, some of these studies compare different design representation
tools, especially sketching versus CAD modelling, such as Sachse et al. (2001), Won
(2001), and Rahimian et al. (2008a). Regarding the benefits and challenges of design
representation tools as discussed in the literature, switching between different design
representation tools that support each other or using them together to enhance the
product development process has been suggested. The characteristics of design
representation tools that the designers utilize during the product development
process fulfil several needs of designers (Rahimian et al., 2008b).

In a study conducted by Ibrahim and Rahimian (2010), there seemed a preference of
the designers to switch between different design representation tools, namely
sketching and CAD modelling. Won (2001) found that conventional tools and
computer systems had different benefits for designers’ visual thinking in the
conceptual stage of the design process. As stated by Shih et al. (2017), design
environments need to be provided with different tools instead of being limited to a
specific design representation tool. This points to the importance of using different
design representation tools that support each other. Chen (2007, pp. 580-581) stated
that;

“The experimental results demonstrate that using conventional and digital media
simultaneously, as comparing with using only one media, helps arouse creative
thinking and cognitive activity and improves the design outcome in the stage of

conceptual sketches design. Particularly, the interaction between two media
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promotes cognitive thinking to the broader field and find more complex mode of
design thinking. The combination of conventional and digital design media not
only provides diverse experiential association, but also has more opportunities

than individual media to generate creative results” (pp. 580-581).

In addition, Ibrahim and Rahimian’s (2010) study showed that mixed media
environment including conventional sketching and CAD tools resulted in higher
solution quality when compared to single use of either sketching or CAD modelling,
and mixed media environment was the most effective among these three settings.
Based on Rahimian et al.’s (2008a) study showing the benefits and challenges of
sketching and CAD modelling, Shih et al. (2017) stated that these two design
representation tools have a complementary relationship and suggested a switching
behavior model for mixed design environments including sketching and CAD
modelling. Their study showed that switching between different representation tools
was considered as an ideal approach for the conceptual stage by all participants with
several advantages; helping designers make proper decisions about their design,
enhancing co-evaluation and the natural workflow of the design process. In addition,
integration of these tools into each other helped designers during problem
exploration and solution refinement with iterative switches supporting the design

process.

The main approach towards design representation tools is to switch between them or
to use them together by supporting each other. However, most of the studies are
conducted to find out the relatio