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Abstract

The author uses the phrase “we” to present arguments in the thesis because the
analysis and synthesis of the investigation was executed jointly by the author and his

guide.

Taking inspiration from nature is seen to be a very innovative, creative, and novel
approach to design products. Human-beings are seen to be practicing this since the
stone age — Cavemen observed the teeth of carnivores to build weapons; The Chinese
invented silk nearly 3000 years ago; Leonardo da Vinci designed the flying machine
inspired from the wings of bats in 1488; Wright brothers made the first successful
airplane inspired by large birds in 1903; while George de Mestral, drawing inspiration

from burrs, invented the Velcro in 1948.

People from different professions have developed various methods and tools for
drawing inspiration from nature in their line of work and practice. To begin with, we
examined the literature on methods and processes followed by two professional
groups for our primary research: Researchers/Scientists/Engineers who have
developed systematic methods in studying principles and phenomenon in nature; and
Designers/Architects/Painters/Artists who seem to prefer and follow more intuitive
methods. This approach of designers is often criticized by scientists and engineers for
being ‘non-scientific’. Motivated by such criticisms, the current research explores the
possibility of examining a systematic design approach in the process of generating
nature-inspired product forms that will be useful for designers in their understanding

and professional practice.

The research work covered in this thesis is presented under the following chapter
heads:

Chapter 1: Introduction — A review on Nature Inspired Design

This chapter undertakes a literature review on terms, methods, and tools related to
nature inspired design as broadly developed by the following two professional groups
viz. Researchers/Scientists/Engineers and Designers/Architects/Painters/Artists
respectively. It also discusses the limitation of these methods and a few criticisms on

the latter's approach to design nature-inspired product forms.
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Chapter 2: Research Design

In this chapter we present the research questions formulated based on the literature
review and outline the aim of our research by examining design science, and outline
the research framework adopted following Nigel Cross taxonomy. We outline four

experimental studies for this research.

Chapter 3: Experimental Studies in Processes, Products, and People

This chapter elaborates in detail each of the four studies of our research framework

following Nigel Cross taxonomy. These include:

e Study 1 — Study of Processes and Methods.

o The study is a comparative study of ten methods selected after
conducting a systematic literature review by exploring fifteen design
journals, six design conference proceedings and various other resources
like books, websites, and blogs.

e Study 2 — Study of Products.

o The study is a three-dimensional visual analysis of thirty nature inspired
product forms conducted to identify perceptual similarities between
product form and natural inspirational form.

e Study (3a) on People — Study on approaches followed by professional designers.

o The study attempts to understand the design approach of five
internationally acclaimed industrial designers: Owen Jones, Christopher
Dresser, Arthur Heygate Mackmurdo, Luigi Colani, and Ross Lovegrove.

e Study (3b) on People — Study on approaches followed by design students.

o The experiment was conducted to understand the design thinking

process adopted by 12 master’s design students (9 male+3 female)

during an exercise of designing nature-inspired product form.

The findings and results of each of the four studies are summarised at the end of each
study. It may be noted that the outcome of each study contributes and is drawn into
the consequent study undertaken, to draw cumulative inferences and insight that
impinge upon our understanding of consideration and factors that contribute to an
understanding of the design thinking process underlying nature inspired product form

generation processes. Such an approach gives us multiple perspectives and, in the

Vi
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process, enriching a holistic understanding drawn from an understanding of processes
involved; their reflection in the different product designed; and design thinking
processes followed by people engaged in the creation and generation of such nature

inspired product forms.

Chapter 4: Discussions

In this chapter, we consolidate our findings obtained from the above four studies into
a framework. Each dimension of the framework and its influence on the form
generation process is discussed in detail. The chapter also proposes and outlines a
generative tool developed based on the proposed framework that can help systematize

the form generation process.

Chapter 5: Reflections on the Research Outcome

In this chapter, taking an overall view of our research we reflect upon our insights
gained from our study and discuss our understanding of two critical observations on

our research and its outcomes:

e The hidden science/s behind the nature-inspired form generation process —
This section compares the findings from the study (3a) with the four stages of
Goethean phenomenological method and discusses similarities between them.
Based on these findings, it argues that there is perhaps an underlying science
behind the nature-inspired form generation process.

e Design and Science relationships that exist in our research — This section draws
upon various design and science co-relations that exist in our research. Based
on the definition of scientific design, design science, and science of design
defined by Nigel Cross, we argue how the three can practically co-exist in design

research of this nature.

Chapter 6: Conclusions

In conclusion, this chapter summarises the six key contributions of the research that
add up and contribute to new knowledge and insights to the design research domain
of nature inspired design. It also discusses some of the limitations of the study and

outlines future scope that can be explored in subsequent research work.

vii
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Glossary of Terminology

Dominant form — It is the largest form in a three-dimensional composition and has
strongest character. Due to its structural importance, this form holds an interesting

position in the composition and influence other parts (Koler, 1994).

Form generation/Form-making/Form giving — A special class of design
problems and an intellectual exercise that involves a mix of rigorous analysis and
creative problem solving. It also explores the synergic partnership between form
innovations and conscious expression of meaning and is another perspective in

product semantic (Athavankar, 2009).

Hierarchy of order — In a composition or asymmetrical organization of three-
dimensional forms there exist a hierarchy among the sub-forms. This hierarchy is
decided by observing visual qualities based on three features: Dominant form,

Subdominant form, and Subordinate form (Koler, 1994).

Subdominant form — It is the smaller form compared to the dominant form in a
three-dimensional composition and has strong character. This form also has a
structural importance and holds an interesting position in the composition. It is

influenced by dominant form (Koler, 1994).

Subordinate form — It is the smallest form in the three-dimensional composition
and has a character which is complementary to the dominant and subdominant form.

It is influenced by both dominant and subdominant form (Koler, 1994).

Three-dimensional visual analysis — Is a process of ‘thinking with eyes’ to
translate an inner vision into concrete experiences. It is a framework developed by
Prof. Cheryl Akner Koler that shows how form may be created, influenced, and

perceived in a structured manner (Koler, 1994).

Xiv
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Chapter 1

Introduction — A review on Nature Inspired Design

1.1 Introduction

Studying nature, its various manifestations in terms of principles, phenomenon, and
occurrences has been a source of wonder and fascination for mankind since time
immemorial. It has drawn the attention of various professionals including artists,
scientists, social scientists, and designers in equal measure. Taking inspiration from
nature continues to be a very innovative, creative, and novel approach to design
products. Human beings are seen to be practicing it since the Stone Age. One can cite
anumber of innovations inspired by nature—caveman made weapons by observing the
teeth of carnivores and the Chinese invented artificial silk 3000 years ago. In 1488
Leonardo da Vinci designed a flying machine inspired from the wings of bats. Wright
brothers in 1903, made the first successful airplane inspired by large birds, and Velcro

invented by George de Mestral in 1948 was inspired by the burrs.

Various perspectives, approaches, and methods have evolved over time in studying
nature among these professional communities. Two broad approaches are witnessed.
Systematic design methods follow the scientific approach which is more function
oriented. It attempts to understand the principle behind occurrence in a natural
phenomenon. On the other hand, designers also seem to follow a more intuitive
approach in the conceptualization of the product form when dealing with the creation
of products that involve both function and aesthetics. Those designers’ who focus on
the creation and generation of product form, based on intuition, are often criticized by
scientists and engineers for being ‘non-scientific’ in their approach since they argue

that the process is not verifiable.

In this chapter, we review some of the important published literature on systematic
design methods undertaken by researchers and the methods followed by industrial
designers for nature-inspired design. This closer and in-depth analysis will help to

understand the creative task of form generation. Such a review will help to understand

TH-2769_156105010



the developments in the processes in nature-inspired form generation and to see if
they inherently confirm to a verifiable rigor following a design science approach that
is made explicit. If they can be, then how can one identify the different visual attributes
that constitute such transformations that are reflected in the product form to achieve

aesthetically acceptable nature-inspired forms.

In the following sections terms, methods, and approaches adopted by professional
groups such as scientists, engineers, and designers are discussed. This will be followed
by a discussion of their limitations, criticisms of designers’ approach, and the few
studies that not only defend such criticism but also provide a new vision to work in the

less explored areas of form and emotion of nature-inspired products.

1.2 Literature review

The literature review was conducted in two stages. The first stage review was done to
get an overview of nature-inspired design. ‘Nature-inspired design’ and ‘nature-
inspired design process’ were two keywords used during the search for the articles on
ScienceDirect search engine and Google Scholar search engine. The second stage
review was more focused on nature, design, and product forms. Fifteen design
journals, six design conference proceedings (Table 1.1), and various other resources
like books, websites, and blogs were explored with keywords like ‘nature-inspired
product forms’, ‘nature and product semantics’ and ‘nature-inspired form generation

process’.

Table 1.1 List of journals and conference proceedings explored during the literature review.

Journals Conference proceedings
Design Studies Conference on Design and Semantics of Form
International Journal of Design and Movement
Design Issues Design & Nature , International Conference on
The Design Journal Comparing Design in Nature with Science and
International Journal of Design and Nature & Ecodynamics Engineering
International Journal of Design Creativity and Innovation Design Research  Society International
Journal of Design Research Conference
Design Science , An International Journal International Conference on Research into
International Journal of Design Sciences and Technology Design
International Journal of Technology and Design Education International Conference on Design Creativity
Journal of Learning Design
International Journal of Art and Design Education International Association of Societies of Design
Online Journal of Art and Design Research
Art and Design Review
Journal of Design History

TH-2769_156105010



We summarize the key findings from our literature review below.

1.2.1 On developments in nature-inspired design and their associated

terminologies

The study of nature-inspired innovation has led to the emergence of new definition of
terms among various professional groups over time. In 1960, the term ‘Bionic’ was
coined by Jack E. Steele as the science of constructing systems with some functions
copied from nature (Vincent et al., 2006) (Gleich et al., 2010). Today Bionics has been
applied in replicating real organs in the design of medical prostheses. In 1969 Otto
Schmitt introduced the term ‘Biomimetic’ as the study of biological mechanisms,
structures, and materials to produce products artificially (Vincent et al., 2006) (Gleich
et al., 2010). In 1997 Janine Benyus in her book ‘Biomimicry: Innovation inspired by
nature’ popularized the term ‘Biomimicry’ as “new science that studies nature’s
models and then imitates or takes inspiration from these designs and processes to
solve human problems” (Benyus, 1997). While, “Biologically inspired design is the use
of designs found in nature for analogy and inspiration in designing technological
systems” (Goel et al., 2013). Even in art, the term ‘Biomorphism’ refers to an art
movement having its roots associated with Surrealism and Art Nouveau. The word
‘biomorphic’ is commonly used for abstract, free form and organic shapes used in arts
and design (Wood, 2007). Painters, poets and musicians seem to be inspired from
nature for their art. Scientist, engineers and industrial designers too, take their
inspiration from nature. Luigi Colani is famous for his ‘biodynamic forms’ and Ross
Lovegrove is known for his ‘organic design’. Both seem to draw inspiration for design
from nature. Terms may be different, but broadly they have a common focus of being

‘Inspired by Nature’.

From these developments, one can see the keen engagements by different professional
communities in contributing to the study of nature from different perspectives and the
nuanced terms, definitions and processes that have emerged in their development/s.
Two broad approaches are seen viz. more formal and systematic methods preferred by
the scientific community who have developed their own set of tools for study and the
other being the ‘designer/s’ method that is more intuitive in nature engaged for the

purpose of creation of novel man-made forms.

TH-2769_156105010



1.2.2 Systematic methods and tools for nature-inspired design

Researchers have developed a few systematic methods for the process of extracting
principles in nature and converting them into tangible products. These systematic
methods outline the different stages that need to be followed to develop a product.
Systematic methods follow two broad approaches in nature-inspired design (Table

1.2).

Table 1.2 Systematic methods for nature-inspired design

First approach Second approach

Top-down process (Speck & Speck, 2008) Bottom-up process (Speck & Speck, 2008)

Problem-driven biologically inspired design | Solution-driven biologically inspired design

process (Helms et al., 2009) process (Helms et al., 2009)

Biomimetic by analogy (Gebeshuber & | Biomimetic by induction (Gebeshuber &
Drack, 2008) Drack, 2008)

Challenge to biology (Baumeister, 2011) Biology to design (Baumeister, 2011)

In the first approach, the researchers’ start from a problem statement and tend to
search for the relevant biological analogy to get a solution. The Top-down process —
is specifically developed for biomimetic innovations and improvements in the existing
technical product. In the first step of the process, the technical problems are clearly
defined with their boundary conditions. In the second stage, biologists search for
biological analogies to solve those problems. Appropriate principles are identified in
the third stage and these principles are detached from the biological model and
investigated experimentally in the fourth stage. In the final stage, the concept is

prototyped and checked for final feasibility (Figure 1.1).

While in the Problem-driven biologically inspired design process — the process starts
with concurrently identifying a problem and defining that problem as a function in the
first stage itself. In the second stage, the designer has to ‘biologize’ the problem by
reframing the problem in biological terms. Then biological solution search is carried
out using the following four strategies/techniques viz. change constraint; champion
adapters; variation within a solution family; and multi-functionality. In the next step,
after understanding the in-depth interaction of various components of the complex
system using functional decomposition studied in step 1, a biological solution is

defined. Following this stage, the important principles are extracted after removing
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structural and environmental constraints. The last and final step is principle

application where the principle is translated from one domain to another (Figure 1.2).

Technical Problem

Search for biological
analogies

Identification of appropriate
principles

Abstraction: detachment
from biological model

Test technical feasibility &
prototyping

Final product

Figure 1.1 Stages of ‘top-down process’
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Figure 1.2 Stages of ‘Problem-driven biologically inspired design process’

In the Biomimetics by analogy approach — the process starts with defining a problem
originating from engineering. In the second step, the analogous problems are searched
in nature. During the final stage, the examples in nature are analysed and the results
of the analysis are used to find solutions to the engineering problem identified in the

first stage (Figure 1.3).
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1: Defining problem
stemming from engineering

2: Search for analogous
problems in nature

3: Analyse examples in
nature and apply findings in
the search of solutions to
the engineering problem

Figure 1.3 Stages of ‘Biomimetics by analogy’ design process

When we consider Challenge to biology approach — the first step in the process is to

‘identify’ and this includes developing the design brief that clarifies human

need/problems to be solved. The next step is to ‘interpret’. This is about translating

design briefs into biological terms and defining parameters. Then we approach the

‘discover’ stage where we identify the biological model that meets the design brief. The

next step is to ‘abstract’, which includes the identification of patterns and creating

taxonomies. This is followed by the final two steps viz. ‘emulate’, where the practical

solutions are developed based on the biological model and the last step is ‘evaluate’ in

which the solutions are reviewed against life’s principle (Figure 1.4).
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Figure 1.4 Stages of ‘challenge to biology’ design process

In contrast to the methods described above, in the second approach researchers have

a biological phenomenon in their mind and that leads them to search for its application

in the man-made world. We outline below some of the methods under this approach.
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The bottom-up process is for new biomimetic projects based on biological research. In
the first step of the process, the biomechanics and functional morphology of the
biological model is analysed. During the second stage, the researcher tries to
understand the underlying principles of structure, shapes, and the form of a biological
model through quantitative analysis. This observed principle is separated from the
biological model during abstraction. In the technical implementation stage, the early
prototypes are made in the laboratory followed by large scale industry production

(Figure 1.5).

Final Product

Technical implementation

Abstraction: detachment
from biological model

Understanding the principles

Biomechanics, functional
morphology and anatomy

Biological model

Figure 1.5 Stages of ‘Bottom-up process’

Solution-driven biologically inspired design process — This 7-stage process, starts
with the biological solution identification where the designers have a particular
biological solution in their mind. The 2nd-stage is defining the biological solution,
which includes an understanding of how the biological source is solving that problem.
In step 3, the behaviour and principles of the biological source that solves the problem
are extracted. Step 4, is reframing the solution where the designer is forced to think
about how the achieved biological function is helpful to humans. Step 5, is problem
search - the designer finds the human problems that match the solution. The next step
of problem definition includes defining the constraints. The final step is the principle

application where the principle is applied to solve the problem (Figure 1.6).

1: B'?'?gical 2:bl?elzﬁn9 tre 3: Principle 4: Reframe 5: Problem 6: Problem 7: Principle
R Ol g extraction the solution search definition application
identification solution

Figure 1.6 Stages of ‘Solution-driven biologically inspired design process’
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Biomimetics by induction — The process is initiated with the fundamental biological
research without focusing on any specific application. In the second stage, the
principle behind the natural phenomena is abstracted and translated into non-specific

language. During the final stage, technological applications are developed (Figure 1.7).

1- Fundamental biological 2: Abstraction of principle 3: Possible technological
' 9 and its translation into non- applications are sought and
research o
specific language developed.

Figure 1.7 Stages of ‘Biomimetics by induction’ design process

Biology to design — The first step of the process involves discovering the biological
model that meets the design brief. The next step is to ‘abstract’, where champions are
selected with the most relevant strategies. The third stage is brainstorming with
biologists and specialists in the field. The next stage is to ‘emulate’, where ideas and
solutions are developed based on the biological model. The last step is ‘evaluate’, in

which solutions are reviewed against life’s principle (Figure 1.8).
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Figure 1.8 Stages of ‘Biology to design’ design process

TH-2769_156105010



In addition to the above broad approaches, there are specific methods like — BioGen,
a methodology for biomimetic design concept generation developed to solve problems
of architecture, but can be used by other disciplines other than architecture (Badarnah
& Kadri, 2015). Junior & Guanabara (2005) proposed a methodology based on bionics
research to design new products. Product Design from Nature (PDN) methodology is
an integration of three approaches viz. reverse engineering, 3D geometrical
computation, and inspiration from a designer sketch of a biological system (Wen et al.,
2008). Lenau (2009) in a study explored the successful use of biomimetic design
methodology for engineering design. Researchers from different scientific fields
developed these approaches. They outlined the methods in general terms to make

them suitable for end-users with varied educational backgrounds.

Biomimetic involves the transfer of information from the biological domain to other
domains like engineering, material science, etc. Many computational tools and
databases have been developed to make easy retrieval of this biological information
and help designers in the ideation phase (Kaiser et al., 2012) (Fu et al., 2014) (Glier et

al., 2011) (Helms et al., 2016). Some of the tools developed include:

o IDEA-INSPIRE is a computational tool based on SAPPhIRE model of causality.
The biological and engineering analogies can be retrieved from the database
based on the description of problem in terms of constructs of SAPPhIRE model
(Chakrabarti et al., 2005).

e Design by Analogy to Nature Engine (DANE) is based on the Structure Behavior
Function (SBF) model. It helps user to understand the SBF relationship
between biological system and engineering system. The user can construct new
SBF model and can add it to the library (Vattam et al., 2010).

e ‘Ask nature’ is a database based on biomimicry taxonomy that allows user to
search information on biological phenomena and biomimetic products

(http://www.asknature.org/. Visited on 23 Sept 2015)

Modified biological information and keeping the database up-to-date manually are few
disadvantages of these databases (Kaiser et al., 2013). Ideation in biomimetic is a
knowledge based ideation that demands a large repository of biological knowledge for
creative thinking and should always stay updated. Vandevenne (2013) employed
scalable web crawling approach to continuously develop and update the database

based on biological strategies. ‘Biologue’ is an online citation cataloging system based
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on the concept of social semantic web that helps in building the database and keeping
it up-to-date (Vattam & Goel, 2011). ‘BIOscrabble’ uses PubMed, which is a meta-
database, allowing users to search large updated biological research articles (Kaiser et

al., 2012) (Helms et al., 2016) (Kaiser et al., 2013).

Paper based and computer aided catalogues were also developed that contains
biological principles and corresponding technical functions. Researchers have also
developed certain engineering to biology translation tools to link engineering and
biological terminologies (Kaiser et al., 2012) (Helms et al., 2016). BioTRIZ was
developed on the basis of inventive principles of TRIZ. It is based on the analysis of
500 biological phenomena with 270 functions forming 2500 contradictions. Unlike
TRIZ having 39 by 39 contradiction matrix, BioTRIZ uses 6 by 6 contradiction matrix
(Vincent et al., 2006). Considering the drawbacks in terms of cost and availability of
these tools, the biomimicry card deck was developed for novice designers that helps
them to enlarge the solution space for solving problem through biomimicry (Volstad
& Boks, 2012). Biomimicry Innovation Tool (BIT) uses the idea of Problem Based
Learning (PBL) Method, innovation and biomimicry to solve technical ergonomics
design problems (Lynch-caris, 2012). There are Nature Inspired Design (NID)
strategies which include Biomimicry, Cradle to Cradle, Ecodesign and Natural
Capitalism to apply principles of nature in a holistic way focusing on the system rather

than developing a product (De Pauw et al., 2014) (De Pauw et al., 2010).

1.2.3 Limitations of systematic methods

Although systematic methods are useful for designers and engineers, they have certain
limitations too. It is identified by researchers in their studies that there are learnability
issues of these tools among professional designers and design students. Fu et al. (2014)
in their study found that learning to use these tools/methods is different from
conventional design methods and tends to increase the cognitive load on designers. A
study by Glier et al. (2011) indicates that it is difficult to train students in this field
because biomimetic is still in the developing phase and is not included in the academic
curriculum. Hsiao & Chou (2007) during their research found that the existing tools
and methodologies are insufficient to train students in organic form transformation
and abstract associative thinking. Researches also indicate the reasons why designers
and industries do not use these methods to design their products commercially. In the
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comparative analysis of five bio-inspired design methods by Versos & Coelho (2011) it
was found that the methods failed to deliver a communication effective product.
Jorgensen et al. (2013) found that current methods deal with only functionality and
not the aesthetics of a designed product, which later became the base for the
development of their design methodology focused on aesthetics. Kennedy (2014),
through a case study in his research, explains that current methods and tools are
focused on generating concepts and are insufficient in transforming concepts into the
implementable solutions. Fu et al. (2014) identified that most of the tools/methods are
part of academic projects and are not easily accessible to designers. A study by Volstad
& Boks (2012) indicates that the tools are still in the developing phase, which makes it

difficult to predict their usability and are too costly for small design studios to afford.

1.2.4 Designers’ approach to nature-inspired design

Visual interaction is the first interaction of a user with a product. This focus on the
visual appeal of a product is one of the reasons why designers lay emphasis upon
product form. Design schools and practicing Designers have developed their own
methods that focus upon the generation of form and aesthetics of a product. However,
there is limited published literature available on training industrial designers in
designing products that draw inspiration from nature. The designers’ approach to
design nature-inspired products focusing on styling and aesthetics starts with visual
thinking. From the limited literature available, we find few researchers who have
mentioned designers’ approach that starts with observation of natural systems to
identify form elements. Wen et al. (2008) describe ‘Art and Design method’ in which
a designer observes a natural object to identify form elements and creates a conceptual
design in the form of 2D sketch which can be scanned and used further to produce
CAD models. Hsiao & Chou (2007) outline a proposal in which the process of
transforming an organism form into a product form involves a concept transformation
stage. This is further divided into two sub-stages viz. utilizing the concept of product
semantics and morphology analysis. These authors developed a Diagram for
Biomimetic Product Design (DBPD), which guides students in observing, extracting,
and transforming the biological features of natural objects. At the Technical University
of Denmark (DTU), they have adopted and followed a process outlined in their

‘Applied aesthetics in biomimetic design—a guide’. In their approach, they propose
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seven methods in taking inspiration from nature’s aesthetic attributes in a methodical
way that can be used individually or as complementing each other (Jorgensen et al.,
2013). The study by Huang & Li (2014) employs a method in which students first
identify the objective pattern in nature which are responsible for aesthetic experience.
After analysing these aesthetic patterns, 2D and 3D compositions are developed based
on aesthetic principles like unity, harmony, proportions, balance, rhythm, symmetry,

repetition etc.

1.2.5 Limitations of designers’ methods

Industrial designers are often faced with the challenges of dealing with complexities
in visualizing and transforming organic/nature-inspired forms that will appeal to the
customer’s psychological needs but are also easy to manufacture. Due to the
complexities of natural forms designers often face a problem in analysing and
extracting the design elements for product form (Hsiao & Chou, 2007). Designers’
approach in designing such product form are more often based on experience and
intuition. It, therefore, makes it difficult to design a product that exactly meets
customer psychological needs (Tovey, 1997) (Hsiao & Wang, 1998) (Tovey, 1994).
According to Kamehkhosh et al. (2010)

“designers usually reduce complex forms to their basic geometries and
proportions, in order to find orders in their complexity and to harmonize them with

their design paradigms...”.

They believe that this common vision to nature “...deprive us from perceiving
its reality”. Maintaining a balance between natural form and abstractive form is a
challenge for both novice as well as professional designers. Literature suggests that the
degree of abstraction of a bios form is an important factor in consumer pleasure. It is
found that less abstractive bios form result in a higher pleasure response than those

with more abstractive form (Wu & Chang, 2007).

1.2.6 Criticism of designers’ methods

The two approaches that emerge in following the various methods that are adopted by
the scientific community and the Design community are broadly — the Systematic

approach and the Designer approach respectively. It is evident that the Scientific
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community approaches methods that are purely function-oriented, while industrial
designers engage with both function and aesthetics of a product. Both communities
work under different environments and constraints in studying nature-inspired
design. The former approach it with a more rigorous scientific temper that is subject
to verification of their processes. On the other hand, the designer’s approach form
generation and nature-inspired design that is more intuition-based. Their approaches
and their corresponding outcomes often face criticism for following an unsystematic
approach. These criticisms are focused mainly on product form and aesthetics. Some

of the often-heard critical comments on biomimetics include:

e “Imitating or being inspired by natural-looking forms, textures and colors
alone is not biomimetics; it has to have some biology in it. This means that to
be truly biomimetic, a design should in some way be informed by nature’s
science, not just its look” (El-Zeiny, 2012).

e “Morphology and form are most common traits to be transferred from natural
systems into architecture. However, such traits seldom retain any function of
the imitated natural systems, and therefore hardly represent a successful
biomimetic design” (Badarnah & Kadri, 2015).

o “We emphasize that it is the transfer of function from biology to the machine
that allows biomimetics to test hypotheses from the biological sciences;
otherwise, there is a danger of merely blind copying or mimicry of design

principles with no further insight into the living system” (Lepora et. al, 2013).

On the other hand, the importance of product aesthetics is evident from the literature
of emotional and pleasurable products. Success stories of products like Juicy Salif
lemon squeezer, Volkswagen Beetle, Diatom chair, TY NANT water bottle shows that
the psychological aspects behind product aesthetics and its effect on product usability
can’t be ignored. Therefore, the design research community should reflect upon such
criticisms. There seems sufficient evidence from our literature review that there is a
need for introspection among designers’ to find approaches in product form
generation processes that are made more evident; and ones that can follow stages that
are more systematised in their generation. An attempt should be made in making these

stages more transparent and perhaps verifiable if possible.
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1.2.7 Researches/Studies that support designers’ methods

Having considered the above aspects, we also see evidence, through case examples,

that are in favour of the designers’ methods that counter the above criticisms.

Natural forms have always been a source of inspiration in developing new products by
industrial designers (Podborschi & Vaculenco, 2004). For example, the Automotive
industries, encourage the use of the animal form for styling because of optimized
mechanical performance and wide appeal of the vehicle (Burgess & King, 2004).
Understanding the semantic and emotional responses related to animal inspiration
can help designers develop highly expressive design solutions (Kim et al., 2011). It is
reported that products with bios form evoke the higher intensity of consumer pleasure
and emotional responses than those without bios form (Wu & Chang, 2007) (Chang &
Wu, 2007). Nature is a rich source of analogies and metaphors. Exposure to biological
examples during the design process helps in increasing the novelty and variety of ideas
generated (Wilson et al., 2010). Designers use metaphors in their designs to make
products more communicative and expressive, both functionally as well as

aesthetically (Hekkert & Cila, 2015).

Edward O. Wilson in his book ‘Biophilia’ argues that there is a bond between humans
and nature. He defines Biophilia as “The innate tendency to focus on life and lifelike
processes” (Wilson, 1984). The biophilic design is an application of biophilia concept
in built environments. Biophilic design uses natural elements as the design inspiration
in the built environment (Kellert et al., 2008). Many pieces of research have reported
on the positive effects of the natural environment and its features on human health
and psychological comfort (Kaplan & Kaplan, 1989) (Ulrich et al., 1991) (Parsons,
1991) (Gillis & Gatersleben, 2015).

All these studies explain the importance of nature in industrial design and justify in
equal measure, the designers’ approach in designing creative products inspired by

nature.
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1.2.8 Insights from literature review

In summary, nature is a great source of inspiration for both form and function. For an
industrial designer, it is very important to study and extract the underlying principles
of form and function, as per the demand of the design project. A study of nature-
inspired design is all about the abstraction of the principles in nature. It could be the
abstraction of a functional principle or the abstraction of a natural form to evoke
certain emotions, but both kinds of abstraction require the understanding of the
underlying principle existing in nature. From the literature review, we have examined
the systematic methods undertaken by researchers and the methods followed by
industrial designers for nature-inspired design. The results of the review indicate from
an industrial design perspective, the strengths of both systematic methods and
designers’ method and also the nuanced differences in their emphasis and approach.
Systematic methods are necessary as they help to increase the overall number of ideas
generated. The products produced by such methods are more sustainable than the
products available in markets. On the other hand, designers’ methods result in the
design of products that are relatively more communicative and expressive both
functionally as well as aesthetically. These methods are necessary for semantic shape
coding and symbolic association. The review also supports the position that the

existing research approach lay more focus upon functional aspects.

It is evident from the available literature that the principles in nature are understood
only in terms of functionality and areas which deals with the form and emotions are
still left unexplored with the exception of a few studies (Wu & Chang, 2007) (Kim et
al., 2011) (Chakrabarti & Gupta, 2007). A domain that deals with the form and emotion
in the generation of expressive and communicative product forms extend sufficient
scope for the research on the design of nature-inspired products from an industrial
design perspective. This forms the basis for developing a work plan for research for

this doctoral thesis.
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Chapter 2

Research Design

2.1 Introduction

In a review of published literature in the previous chapter, we were able to identify
many systematic methods that have pre-defined stages to be followed during the
design process. One of the important features of these systematic methods is the
quantitative experimental investigation of the observed principles in nature which
gives a scientific and verifiable rigour to these methods. On the other hand, when we
studied designers’ approach of nature-inspired design focused on form generation, we
found that their approach is intuitive, unsystematic and involves identification of form
elements that are abstracted in later stages. As this approach of the designer is very
individualistic there are no pre-defined stages of the form generation process that can
be supported by some systematic studies. What principles they observe in natural form
and how do they use these principles to generate a product form often remain
unanswered. This also makes it difficult for novice designers to learn this process as it
may vary from designer to designer. This premise sets the basis to establish the scope

of inquiry for this design research.

There has been a strong concern among design researchers to establish relationships
between design and science since the 1920’s. Therefore, we would like to make our
position very clear on such aspects. In this research we are not attempting ‘scientism’,
rather we are more focused on an inquiry into the designerly ways of knowing,

thinking, and acting.

We believe that a rigorous investigation of this phenomena of ‘taking inspiration from
nature to develop product forms’ can help us to understand if there is indeed an
underlying science behind such a form generation process. In this chapter, we will
formulate our research questions and outline a research framework that will guide us
through our designerly inquiry. The outcome of the study should help to outline

approaches that can assist design educators in developing design curriculum on form
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studies and guide professional practicing designers in the design of nature-inspired

product forms.

2.2 Research questions

The systematic way of design that brings a scientific rigour to the design process is a
basis of the criticism of designers’ approach that we have covered under chapter 1,
section 1.2.6. We established that designers seem to follow very few systematic
methods/tools during the form generation process and the principles that they extract
from nature are supported by very few verifiable scientific studies. Therefore, the
current research work intends to explore the possibilities of systematic design research
and systematic design practice for the process of generating nature-inspired product

forms.
Specifically, in this research we seek to address the following two research questions:

e Can there be a systematic approach to inquire into the process of generating
nature-inspired product forms?

e Can the process of generating a nature-inspired product form be systematized?

2.3 Design science and the Aim of research

Reflecting upon the above two research questions, our search on systematic design led
us to a secondary search for existing published literature on Design Science. For the

purpose of this research, we analysed various definitions of design science.

Design science is about investigating a design process and making it more systematic.
Johannesson and Perjons have defined design science as “The scientific study and
creation of artefacts as they are developed and used by people with the goal of solving
practical problems of general interest” (Johannesson and Perjons, 2014). Nigel Cross
has defined it as “an explicitly organized, rational and wholly systematic approach
to design; not just the utilization of scientific knowledge of artefacts, but design in
some sense a scientific activity itself” (Cross, 2006). According to Hubka and Eder,
“The term design science is to be understood as a system of logically related
knowledge, which should contain and organize the complete knowledge about and

for designing” (Hubka and Eder, 1996). Gregory explained it as “Design science is
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concerned with the study, investigation, and accumulation of knowledge about the
design process and its constituent operations. It aims to collect, organize and
improve those aspects of thought and information which are available concerning
design and to specify and carry out research in those areas of design which are likely

to be of value to practical designers and design organizations” (Gregory, 1966).

From these various definitions, design science can be summarised to be an
‘investigation and accumulation of knowledge about the design processes’. Further we

can also say that it is also a ‘systematic approach to design’.

Following these definitions and directions established in Design Science, this
research aims to study, investigate, and accumulate knowledge about the

process of designing nature-inspired product forms.

2.4 Formulation of the research framework and objectives

The phenomena of generating nature-inspired product form is very complex. It has

three crucial elements:

1. The ‘Designer’ who designs a product form and his designerly way of thinking.
2. The ‘Design Process’ that is followed to design a product form.

3. The ‘Designed Product’ which is a final three-dimensional form.

The knowledge about this phenomenon is not limited to the process only, rather it is
embedded and can be processed in all the above three aspects equally. A designer
collects various types of information about natural form like visual and semantics.
Then the designer synthesizes this information during the design process. Finally, this
information is coded into a three-dimensional product form. Therefore, to accumulate
knowledge about this phenomena one must study this phenomenon of form

generation from all these three aspects.

So far the act of creating nature-inspired product forms in design is considered more
artistic. This domain of design was never supported by systematic scientific studies,
but in this research, we are exploring it through a scientific lens. There has been a long
discussion on ‘science’ and ‘design’. How design is different from science and how in
some aspects it is similar. Nigel Cross has covered many of these aspects in his book

‘Designerly Ways of Knowing’. He considers design as a discipline in itself and suggests
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that to establish it as a separate discipline different from science and arts/humanities,
it must have a strong foundation of research. For this, he suggests that design
researchers must borrow and apply research methods from science, arts, or
humanities whenever required to match their rigour and in the process build their own
intellectual culture. This argument has been the source of inspiration for this research.
We want to explore this phenomenon of form generation among designers in a
‘designerly’ way rather than following purely a ‘scientific’ or ‘artistic’ approach. We
specifically focus upon nature as the source of inspiration in product form generation

as the emphasis of our research.

In the same book, Nigel Cross suggests that design research has to engage with the
development, articulation, and communication of design knowledge that is embedded
in three sources: People, Processes, and Products. It is therefore pertinent to
investigate three aspects — the human ability to design; the processes and techniques
that aid the designers; and the study of form and configuration of the products (Cross,

2006).

Based on people, processes and products, Nigel Cross categorises his taxonomy under

three categories:

e design epistemology — study of designerly ways of knowing
e design praxiology — study of the practices and processes of design

e design phenomenology — study of the form and configuration of artefacts

In setting workable objectives that will help us to address the aim of addressing our
research questions, we found in Nigel Cross taxonomy a suitable framework. It was
appropriate in considering various perspectives for exploring different ways to
investigate and accumulate design knowledge to study nature-inspired product form
generation process. It fulfils our requirement to study three crucial elements of the

phenomena.
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This taxonomy proposed by Nigel Cross forms the framework of inquiry for this

research (Figure 2.1).

Research Framework

Process

Study (3b)
on approaches
followed by
design students

Study 1

Comparative study
of existing methods

Products

~

Nigel Cross Taxonomy —><__

- S Study (3a) Study 2

on approaches Three dimensional
followed by visual analysis of
professional nature inspired
designers product forms

Figure 2.1 Research Framework adopted from Nigel Cross Taxonomy

Following the above framework, for our research, we planned and outlined the

following four specific studies of inquiry viz.

e Study 1 — Study of Processes and Methods: This study examines the
methods proposed by researchers, designers, and design educators to design
nature-inspired product forms.

e Study 2 — Study of Products: It undertakes a three-dimensional visual
analysis of product form of a selected range of products that are inspired by
nature.

e Study (3a) on People — Study on approaches followed by
professional designers: It examines the approaches followed by
professional designers to design nature-inspired product forms.

e Study (3b) on People — Study on approaches followed by design
students: This study involves an experiment conducted with design students

to record and study the process of product form development that is inspired
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by nature. It formed part of a live experiment engaging student designers to
participate in an experiment in nature-inspired form generation. Analysis of
their form generation process aimed to understand their approach and design
thinking process in the form generation exercise. The outcome of this
experiment aimed to find how it could influence and contribute to formulating

the pedagogic process in form generation.

For the purpose of this research, we divided our Study on People into two different
studies: Study (3a) on Professional Designers and Study (3b) on Design Students.
Many studies in the literature have explained certain patterns in design cognition of
professional designers and design students e.g. preference for inspirational sources
during the ideation phase (Gongalves et al., 2014), behavioral differences in the use of
analogies (Jia et al., 2020) (Casakin & Goldschmidt, 1999) (Fu et al., 2014), analysis
of problem statement (Mathias, 1993), the difference in visual behaviour in seeing
shapes in design (Liu, 1995) etc. These studies indicate the difference in the
approaches adopted by expert and novice designers to solve design problems. This
supports the need to conduct different studies to understand the creative activity of
designing nature-inspired product forms by design students and professional
designers. The findings from these studies will not be used for any comparative
analysis between professional designers and design students. These findings will

contribute to a pool of knowledge that we aim for.

Based on these four studies we formulated four objectives to achieve our aim of the

research. These four objectives are:

Objective 1: To perform a comparative study of the ten methods/tools used for the
development of nature-inspired product forms and identify their strengths and

limitations.

Objective 2: To conduct a three-dimensional visual analysis of selected products to

identify perceptual similarities between product form and natural inspirational form.

Objective 3: To understand the design approach of five well-known designers and
identify the various factors that they considered in their design process to generate

forms inspired by nature.
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Objective 4: To study the design approach of design students and identify various
factors that are engaged in their thinking during the process of generation of product

forms inspired by nature.

The research outcomes of design science are the artefacts like physical products,
drawings, blueprints or they could take the form of knowledge e.g. guidelines,
constructs, models, methods, and instantiations (Johannesson & Perjons, 2014)
(Borek et al., 2012). The four objectives of the research will help us to gather tacit
knowledge from all the above three sources. The insights drawn from these
experiments can be used in the development of multiple outcomes. We expect that the
outcome of our design research based on the approach of design science may lead to
some systematic method, model, frameworks, or guideline for the process of designing

nature-inspired product forms.

This forms the basis for the four experiments that are planned and conducted in the
following chapter. The experiments are sequential and the findings of one contribute
to assimilate, include and build upon in the next experiment. The findings could help
draw certain patterns that could reflect a holistic perspective on the designerly way of

thinking in the form generation process.
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Chapter 3

Experimental Studies in Processes, Products and
People

3.1 Introduction

As outlined in Chapter 2, the studies undertaken in this chapter form the four principal
research studies of our research. It is based on the framework of inquiry outlined by
Nigel Cross that cover three main perspectives viz. study 1 of processes and methods;
study 2 — a study and analysis of products and study 3 that comprises of two aspects
of the study of people viz. that of leading professional designers and their processes in
the design of nature-inspired products and an experiment with an identified group of
students tasked with the assignment of the generation of product forms inspired from

nature in designing a scent bottle.

The planning of these four studies is undertaken in a sequence. The analysis and the
findings therein of each study are summarized at the end of each study. The findings
of each contribute and find reflection in the next study that follows. At the end of all
the studies, a multi-perspective understanding is sought by drawing a holistic
understanding of the methods and processes and the parameters of visual design that

contribute to the creative act of generation of product forms inspired by nature.

Such an overview forms the basis in proposing a framework for the form generation

process.

In the sections to follow we outline the details of each study.

3.2 Study 1 — Study of Processes and Methods

Drawing from multiple sources of literature, partly referred to in Chapter 1 earlier, we
have identified ten methods/tools developed by researchers and design schools for

generating product forms inspired by nature (Table 3.1).
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3.2.1 Objectives of study 1

The objectives of this study are to perform a comparative study of the ten
methods/tools used for the development of nature-inspired product forms and

identify their strengths and limitations.

3.2.2 Methods and tools for generating product forms inspired by nature

During our initial literature review covered in chapter 1 on nature-inspired design we
found only four methods focused on form generation. These methods are: (1) Product
Design from Nature (PDN), (2) Generative product design, (3) Diagram for
Biomimetic Product Design (DBPD), (4) Applied aesthetics in biomimetic design — a
guide. With our secondary search focused only on ‘methods and tools to design
product forms inspired by nature’ we found six more methods: (5) Elements of Form
IV — Course series by Alexander Bosnjak, (6) Abstraction in form generation, (7)
Designing with analogy, (8) Abstraction of animal, bird or insect (D’source course),
(9) Form generation through styling cue synthesis, (10) Product metaphors. A total of

ten methods/tools were studied in detail for this study.

These methods/tools consist of different stages that need to be followed during the

form generation process.

Product Design from Nature (PDN) (Wen et al., 2008) and Generative Product Design
(Huang and Li, 2014) are the methods based on CAD application. These methods
involve the integration of new technologies like 3D scanning, generative modelling,

and rapid prototyping.

In design education, there are some methods developed to aid novice designers in
ideating new product forms. Diagram for Biomimetic Product Design (DBPD) is a
nine-step process in which product semantics is the main approach in conceptual
transformation (Hsiao and Chou, 2007). Applied Aesthetics in Biomimetic Design — a
guide, is a work of Technical University of Denmark (DTU), which proposes seven
methods that can be used individually or complement each other in taking inspiration
from nature’s aesthetic attributes in a methodical way (Jorgensen et al., 2013). Among
the schools of Design in India, the processes followed include Elements of Form IV —

Course series by Alexander Bosnjak (Bosnjak, 2007, IIT Guwahati), Abstraction in

24
TH-2769_156105010



form generation (Sharma & Chakravarthy, 2009, IDC/IIT Bombay). Designing with
analogy (Sinha and Chakravarthy, 2013) and ‘Abstraction of animal, bird or insect’,
are research works and methods followed also at IDC, IIT Bombay

(http://www.dsource.in/course/form/form-and-abstraction)

Other methods were not specifically developed to take inspiration from nature but
they, however, have included natural objects as inspiration in their process. Form
generation through styling cue synthesis, is a method in which the styling cues from
two different objects are merged together and abstracted for a new product form
(Teubner, 2008). Hekkert and Cila (2015) explain the process of applying metaphors
to product forms to enhance the product experience. Table 3.1 summarizes these

different methods and groups them into three broad types —

e CAD application based methods
e Design education-focused methods

e Methods not specific to nature-inspired design

3.2.3 Result of Study 1

From the study of the ten methods and their different stages for the form generation
process, we noted the various stages of the process undertaken by each method. These
stages were compiled in the form of a table for comparison of commonality and

differences in approach among the ten methods followed (Table 3.1).

In this study of ten methods/tools, we identified the following five

criteria/requirements as the key aspects in the process of designing:

(1) Integration of technology with the design process.

(2) Observation of principles in nature and their application in the form generation
process.

(3) Use of product semantics.

(4) Focus on abstraction.

(5) Approaches to help generate more number of conceptual solutions.

following the concept of Pugh matrix/Decision matrix/Criteria-based matrix where
certain criteria/requirements are formulated first and then each option/alternative is

evaluated against those criteria, we evaluated selected ten methods against the above
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mentioned five criteria/requirements. Adopted from Pugh Matrix, we made a
comparative study of ten methods against these five criteria/requirements to highlight
the strengths and limitations of these methods as illustrated in Table 3.2 and discussed

below.

(1) Integration of technology with the design process:

Only Product Design from Nature (PDN) and Generative Product Design integrate
technology such as CAD-based applications like 3D scanning, generative modelling,
and rapid prototyping into the design process (Method 1&2). While these applications
are helpful in quick prototyping, they involve expensive 3D digitizing tools and require

specialized knowledge to process their output data.

(2) Observation of principles in nature and their application in the form generation

process:

Three methods in Table 3.2 involve the observation of principles in nature. The natural
form is analysed in the second step of Generative Product Design (Method 2). The
method includes the application of observed principles in the design process but is
limited to the principles of aesthetic patterns only. The observed principles related to
structure, geometry, proportion, etc. are recorded in the form of graphic images like
photographs and diagrams (Method 5). However, the integration of information
obtained by analysing natural form and development of three-dimensional form is not
clear in this method. Abstraction of animal, bird or insect involves the observation of
four principles on unity of rhythm, variety, balance and form found in nature and their

application in design (Method 8).
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Table 3.2 Comparison of ten methods based on five essential requirements.

Method Methods 1. 2. 3. 4. 5.
No Integration Observation of Use of Focus on Help to
of technology | principlesin product abstraction | generate
with the nature and their | semantics more number
design application in the of conceptual
process form generation solutions
process
1 Product Design
from Nature (PDN) v
2 Generative Product
design v v
3 Diagram for
Biomimetic Product v 4

Design (DBPD)

4 Applied aesthetics
in biomimetic v v
design —a guide
5 Elements of Form
IV — Course series 4 v
by Alexander
Bosnjak

6 Abstraction in form
generation v
7 Designing with
analogy v v
8 Abstraction of
animal, bird or 4 v
insect (D’source
course)

9 Form generation
through styling cue v v v
synthesis

10 Product metaphors

(3) Use of product semantics:

Product semantics seeks to convey the meaning of product form. There are five
methods in the list that involve the use of product semantics. In Diagram for
Biomimetic Product Design, product semantics is the main approach in conceptual
transformation (Method 3). Step 1 of Applied Aesthetics in Biomimetic Design — a
guide, helps to transfer the qualities of natural elements into design expressions by
analysing natural element as a product (Method 4). In Designing with Analogy, direct
analogy in nature acts as a point of association and helps in the initial stage of idea
generation (Method 7). Form generation through styling cue synthesis, involves the
use of a cue chart that has a list of terms that represent elements of visual semantics

(Method 9). Product Metaphors discusses eight metaphoric means or modes that a
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designer can use to transfer source cues to the target to enhance the product
experience (Method 10). The method is more focused on the selection of source and
transfer of source cues to the target but does not discuss the transfer of selected

features into form during the form generation process.

(4) Focus on Abstraction:

In art, abstraction is the act of drawing out the essential qualities in a thing, a series of
things or a situation (Hale, 1993). Designers try to achieve abstraction by removing
extra visual cues from their designs instead of imitating exact natural form. Bosnjak
makes wuse of photographic, allegorical, iconographic and diagrammatic
representations to explore various possibilities for abstracting meaning and form
(Method 5). Abstraction in form generation, is the adoption of Emiko Ohnuki’s model
with three levels of abstraction: perception, conception, and visualization, in which
externalization happens at modified level 3 (Method 6). The authors explain the form
generation process aided by abstraction involving four stages. In Stage 1 of the process,
the number of ways to capture stimulus in its abstraction is not well defined. IDC
School approaches abstraction considering the limitation of the medium/material
(Method 8). Form generation through styling cue synthesis uses a scale between literal

depictions to abstract interpretation (Method 9).

(5) Approaches to help generate more number of conceptual solutions:

Creativity is a very significant element of a design method. A good design method
supports creative idea development and helps designers to generate a large number of
conceptual solutions (Shah et al., 2003) (de Bono, 1992). Diagram for Biomimetic
Product Design (Method 3) uses morphological analysis and Applied Aesthetics in
Biomimetic Design — a guide involves the use of the inspiration wheel (Method 4).
These are the only methods in the list that make use of ideation tools during form
generation. Designing with Analogy uses analogy from nature as a catalyst to trigger
multiple thoughts (Method 7). Form generation through styling cue synthesis merges
the styling cues of two different objects to make a new one (Method 9). Both these
methods also support the generation of alternative conceptual solutions, but they do

not involve the use of any ideation tool.
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In summary, drawing from a comparative study of the strengths and limitations of the
ten different methods we can say that the evaluation indicates the adequacy of
methods in relation to the above five requirements. It is evident that no single method
meets all the requirements of the form generation process. This is a research gap that
can be explored for the development of new ideation tools and generating a novel
framework for methods that can comprehensively integrate the five identified
requirements for the generation of product forms inspired by nature. Such a multi-
perspective study also offers scope to examine findings from across the five identified
requirements and help to theorize the phenomena, as one moves towards the
development of tools and methods to help a designer in generating product forms

inspired by nature.

3.3 Study 2 — Study of Products

Following the taxonomy proposed by Nigel Cross, in this study we undertake a three-
dimensional visual analysis of product form of a selected range of products that are
inspired by nature. We study these products as a basis for understanding the process
of designing. We aim to understand the process of visual transformative adaptation

from the source in nature to its visual manifestation in the designed artefact.

To build this understanding, we first consider three levels of biomimicry - mimicking
of natural form, mimicking of natural process and mimicking of natural ecosystems
(Baumeister et al., 2013). Mimicry of natural form is very often characterised by close
resemblance or similarity between the source (natural inspirational form) and target
(designed product form). We draw upon the research work undertaken by Cila et al.
(2012) on analogy and metaphor in which, the role of similarity between source and
target is discussed elaborately. In their study, they outline two types of similarity

between source and target:

(1) Perceptual similarity - which is the physical resemblance between two objects.
It includes appearance, movement, sound, and interaction pattern.

(2) Conceptual similarity - which represents the relation between two concepts. It
includes function, working principle, emotions they evoke, and

environment/context.
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We focus on the perceptual similarity in nature-inspired products by examining visual
elements and their attributes between the source in nature and their transformative

adaptation in the designed artefact.

3.3.1 Objectives of study 2

The objectives of the study are to conduct a three-dimensional visual analysis of
selected products to identify perceptual similarities between product form and natural
inspirational form to help us understand a pattern in the usage of form attributes by
designers to achieve perceptual similarity. The finding of this study is a form of

knowledge embedded in the products that will contribute to the aim of this research.

3.3.2 Methodology

A sample size of thirty products that are inspired by natural forms were identified to
collect data on the perceptual similarity between product form and their respective

natural inspirational form.

A three-stage methodology was adopted for this study that is illustrated in Figure 3.1.

Defining protocol for
Development of data . the data collection
collection log sheets from expert product
designers

Selection of designed
products for visual
analysis

Figure 3.1 Methodology for three-dimensional visual analysis

Stage one is a product selection stage where images of nature-inspired product form
and their respective natural inspirational form are collected. In the second stage, a
data collection log sheet was developed to record responses of design experts during
three-dimensional visual analysis. A protocol for the data collection was defined in the

third stage to make the process of visual analysis more systematic.
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Stage (1) Selection of designed products for visual analysis:

Stratified sampling of 30 nature-inspired products was undertaken based on the

following two criteria:

i.  Selected products are designed by leading designers/companies who are well
known for designing nature-inspired products.
ii. The source of inspiration (in nature) for the selected products is clearly

specified.

Following these two criteria, 15 products designed by professional Indian designers
and 15 products designed by well-known professional international designers were
selected. Table 3.3 shows a detailed list of all the products with their respective
designers/companies. Visual plates juxtaposing the natural source with their product

were prepared for the experiment (Figure 3.2).
Stage (2) Development of data collection log sheets:

It was felt appropriate that a graphical means of collecting responses from experts be
devised. The visual elements and their attributes of the product form and their sources
in nature needed to be identified and assessed. This was derived by referring to
Rowena Reed’s methodology of ‘structure of visual relationships’ (Hannah, 2002);
principles of three-dimensional visual analysis (Koler, 1994); methods of three-
dimensional form analysis/manipulation (Young, 1985); and methods on using

universal form and principles in design (Macnab, 2012).

Graphical data collection log sheets were designed for the data collection on the
perceptual similarity between product form and their respective natural inspirational
form. These were based on collecting data for twelve form attributes: Form category,
Primary Geometric Volumes & Surfaces, Hierarchy of order, Type of axis, Conditions
expressed by axes, Types of axial movements, Types of axial relationships, Types of
curves, Transitional forms features, Type of organization of elements, Type of
symmetries and Type of patterns. The graphical log sheet (Figure 3.3) would guide the
expert respondent to compare and enter their responses by studying visual plates
containing the selection of three-dimensional product forms and their corresponding
inspirational form in nature. Qualitative data was gathered in the form of texts and

subsequently coded into numbers for further analysis.
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Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you Observe SIMILAR visual cues In both forms and mark your responses in the sheet provided to you P-30

Natural Form Product Form Natural Form Product Form

—

Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-3 Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you

Natural Form Product Form Natural Form Product Form

Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-7 Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-9

Natural Form Product Form Natural Form Product Form

Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-11 ©Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-13

Natural Form Product Form Natural Form Product Form

Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-17 Observe SIMILAR visual cues in both forms and mark your responses in the sheet provided to you P-16

Natural Form Product Form Natural Form Product Form

Figure 3.2 Samples of the visual plates prepared for the experiment
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Table 3.3 List of thirty nature-inspired products with their respective designers/company

Products designed by International Designers

Designer/Company

Products

Ross Lovegrove

Luigi Colani

Biophilia

n g

Agaricon

\ 14
|

Florensis

g =
Mega passenger ﬂ
Tea Service Squirrel Colani Canon Frog
“Drop” Cup
Alessi 4 — /
sl . ,
Kastor
Parrot Piccantino Juicy Salif
James
Irvine/Danese
Milano
Disy (Coat Stand)
Products Designed by Indian Designers
Designer/Company Products
Neil Foley N A
r — N E
h — | - ,
T\A}rllgl((iFr;nt Hammer head
older (Digital movie
layer
| player) Slice (Fruit
Jelly Fish (Floor holder) holder)
standing lighting)
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Raptor (Bicycle) i |
e f" Butler’s Mixer
Urchin (Tooth pick Sting-ray (Watch Lea. (1(\1/[1)()& Grinder
holder) packaging) grinder
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Satish Gokhale

Ground or Suspended lamp

Axiom Consulting

i2r Design

Onio Design

Perfume Packaging inspired by lotus
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1. Place forms in any of the category below which you find is most suitable for them. 7. Do you see any similarity in the type of Axial relationships among two forms ?

[e] o o [¢] e]
e e O YES they have similar Oppoitioest P Contst rad ot
relstonshp  relationship relstonship e caton
= o
Natural form Product form Gesture.
s O NO similarity

2. Are two forms have same Primary Geometric Volume or Surfaces / Shapes ? 8. Do you find any similarity in the types of Curves among two forms ?

QO YESthey have similar  Primary le} [e} o o [e] o o o o o o o o o o
gtrmtlr(t elipsoid / S i o e O  YES they have similar 5 = i -
volumes sphare. w yrami etrshedron - Neverse  Blptal  Ree Toiectory  Parsbols  Hyperbola  Supporting  Rest
Surface/ o (e} e} i
Shape Circlofellipse Square/Rectangle Triangle O NOsimilarity

O NO similarity

3. Do you find any similarity in the Dominant, Sub-dominant & Sub-ordinate elements among two forms ? 9. Do you find any similarity in the Transitional forms among the sample forms ?

O  YESthere is similarity in ot O YESthey have similar o O o o
I o o =~ pe
Sub-dominant O o O (o] [e] o] (o] o ]
swordinate O O O [¢] (o] o o o o O NO similarity

O NO similarity

4. Do you see any similarity in the type of Primary, Secondary or Tertiary axis among two forms ? 10. Do you see any similarity in the type of Organization of elements among two forms ?

YES they have similar @) o (¢]

© 4 primary axis secondary axis Tertary axis O YEsthey have similar o O <

ganization

O NO similarity O NOsimilarity

5. Do you see any similarity in the conditions expressed by axis among two forms ? 11. Can you see any similarity in the types of Patterns among two forms ?

YES they h \ O o O
2 ERIGE AT Straight axis Bent axis. Curved axis O YESthey have similar o ] o o o o
condition condition condition Branching Meandering Spirals Helices Tessellations Explosions
patterns patterns
NO similarif
o Y O NO ssimilarity
6. Do you see any similarity in the type of Axial movements among two forms ? 12. Do you find any similarity in the types of symmetries among the sample forms ?
o [e] [e] [e]
O  YES they have similar s ht | Con nd ¢ o O YES they have similar o °
Translation Symmetry Reflection Symmetry Rotation Symmetry

O NO similarity O NO ssimilarity

Figure 3.3 Graphical data collection log sheet

Stage (3) Defining protocol for the data collection from expert product designers:

An experimental protocol makes a study more systematic and scientific. In a general
protocol for qualitative studies, the data is either coded using new codes or it is coded
using codes defined by previous theories. In case the data is coded by two or more
coders then a reliability check is performed. If the agreement among the coders crosses
an acceptable range, then they arbitrate the differences in their codes to reach a

consensus otherwise they recode their data again.

In our study of three-dimensional visual analysis of product forms of nature-inspired
products selected for this study, we have adopted a similar approach. We have defined
a protocol of our experiment for data collection from expert product designers
(Respondents/coders) that is explained schematically through a flow chart in Figure
3.4.

The visual analysis of any object can involve a high level of subjectivity and depends
on an individual’s perception. Therefore, to ensure the objectivity of the study, the
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experiment was conducted in two sessions with three respondents/coders with the

following profile: Respondent A was a doctoral student who has a post-graduate

degree in industrial design with nine months of experience on academic projects;

Respondent B was an industrial designer and design educator having more than

twenty years of experience in Industry and academics; Respondent C was an industrial

designer and design educator with more than ten years of experience in designing

products along with academic teaching experience.

e Discussion on visual analysis principles:

A detailed discussion on principles of visual analysis was held before the

experiment to bring three respondents on a common ground for analysis. They

were introduced with the principles of visual analysis and the manner in which

these were applied to nature-inspired product forms and their inspirational

natural forms. The sample visual reference sheets used for discussion were not

included in the experiment (Figure 3.5).
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Discussion on Visual Analysis Principles

Respondent A + Respondent B + Respondent C

v

Session 1

Visual Analysis of 30 Nature Inspired Products

Respondent || Respondent | | Respondent
A B C

!

Calculate inter-coder reliability with
krippendorff alpha

Ifa<0.6

l

Ifa>0.6

|

Session 2

‘ Respondent A + Respondent B + Respondent C ‘

‘ Arbitration to reach full agreement ‘

!

Cluster Analysis / Categorization

Figure 3.4 Experimental protocol for data collection
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Figure 3.5 Illustration representing discussion on visual analysis principles

Two sheets of
data collection tool
REE _ _ e =

RespondentC
Room-3

A

Room-1 Room-2

Figure 3.6 Illustration representing Session 1
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e Session 1:
In session 1, respondents performed the visual analysis individually and
independently in different rooms. The experimental setup included a personal
computer and data collection log sheets. The set of images containing both
product and natural inspirational form were displayed to the respondents and

they recorded their responses in the data collection log sheets (Figure 3.6).

e C(Calculating inter-coder reliability:
The inter-coder reliability for 12 items of the data collection log sheet was
checked wusing Krippendorff alpha (Hayes and Krippendorff, 2007)
(Krippendorff, 2004). If the agreement was very low (a < 0.60), then the
respondents/coders were required to discuss the principles of visual analysis
again and repeat session 1. If the value of alpha crossed the acceptable range (a
> 0.60), the respondents/coders could move to session 2. The values of
Krippendorff alpha for twelve form attributes for the current experiment after

session 1 are represented in Table 3.4.

Table 3.4 Value of Krippendorff's alpha for Respondent/Coder A, B & C after session 1

S.No Form attributes Krippendorff's alpha
For Respondent/Coder
A B&C
1 Similarity in the form category .9304
2 Similarity in Primary Geometric Volumes or Surfaces / Shapes .8490
3 Similarity in Dominant, Sub-dominant and Sub-ordinate elements .9027
4 Similarity in types of Axis .8024
5 Similarity in the conditions expressed by axes .7606
6 Similarity in types of Axial movements .8202
7 Similarity in types of Axial relationships .8909
8 Similarity in types of curves .6263
9 Similarity in the transitional forms features .7694
10 Similarity in the type of organization of elements existing in the form .7200
11 Similarity in type of patterns 1567
12 Similarity in types of symmetries .6365

e Session 2:
During session 2, respondents/coders checked and discussed all the differences
in their data until they reached a consensus (Figure 3.7). Separate sheets were
used to enter the consensus data during the arbitration process. Complete

agreement is necessary for cluster analysis as the input data is in the binary
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form where ‘0’ indicates the absence of an attribute of similarity and ‘1’ indicates

the presence of an attribute of similarity.

3 Similarty in

Arbitration sheets for consensus data

y in Domin.
= Similarity in all three elements

Products Respondent A Respondent & Respondent C

Figure 3.7 Illustration representing Session 2

e Cluster analysis / Categorisation:

To observe and identify the patterns of similarity that exist in the product form
and inspirational form, the Cluster analysis method seemed appropriate as it
has widely been used by scientists in numerical taxonomy for classification in
the biological domain. The data obtained after session 2 was used as an input
for hierarchical cluster analysis and analysed using the SPSS statistical software
package. For hierarchical cluster analysis, the average linkage method was used
following simple matching binary measure to calculate the simple matching
coefficient. The reason for using simple matching coefficient for analysis was
that it makes use of negative matches as well as positive matches, unlike Jaccard
coefficient which ignores negative matches (Romesburg, 1984).

It was felt that both kinds of matches were significant - the features which are
preferred most as well as the features which are least preferred by designers.
After getting statistical results in the form of dendrograms (Figure 5) the cutting
point for each case was decided based on the following criteria (Romesburg,

1984):
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©)

The first one was to cut the tree at some point within a wide range of
resemblance coefficient which indicates that clusters are well separated
in attribute space.

The second was, the tree should be cut to produce classes that are

maximally related to other specific variables of interest.

Cluster analysis was performed only for those visual form attributes that have

more than three attributes of similarity. If the attributes of similarity were less

than three, then the products were grouped under those attributes of similarity.

Example - The cluster analysis result of similarity in the ‘hierarchy of order’ for

thirty products reveal that there are four clusters when a cutting point is located

at 7 scales as shown in Figure 3.8.

o

TH-2769_156105010

Cluster 1: Cluster of products in which there is no similarity in the
dominant, sub-dominant and sub-ordinate elements of the product and
natural inspirational form.

Cluster 2: This cluster consists of products that have similarity in
dominant and sub-dominant elements of the product and natural
inspirational form.

Cluster 3: This cluster of products has similarity in dominant elements
of the product and natural inspirational form.

Cluster 4: This cluster consists of five small clusters: Cluster of products
having similar sub-ordinate elements, a cluster of products having
similarity in dominant & sub-ordinate elements, Cluster of products with
all three elements similar, cluster of products having similarity in sub-
dominant & sub-ordinate elements and a cluster of products having

similar sub-dominant elements.
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Cluster4 —<

Cluster 2

Similar Sub-dominant elements

Similarity in Sub-dominant & Sub-ordinate elements

Similarity in all three elements

Similarity in Dominant & Sub-ordinate elements

Similar Sub-ordinate elements

Cluster 3 Similar Dominant elements

Similarity in Dominant & Sub-dominant elements

Cluster 1 No similarity

e e

Figure 3.8 Dendrogram of similarity in the ‘hierarchy of order’ for thirty products.

The dendograms for ten form attributes are shown in Figure 3.9. As the attributes of

similarity for ‘5 - Conditions expressed by axes’ and '12 - Type of pattern’ were less

than three, therefore the products were grouped under those attributes of similarity.
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1. Form categories

2 different main categories

Cluster 4 Opposite categories

2 Sub categories adjacent to main category

Cluster 3 1 main category and 1 sub category adjacent to that main category
Cluster 2 1 central category and 1 main category or sub category

Cluster 1 Same category (Main category/ Sub-category)

2. Primary Geometric Volumes & Surfaces

Similarity in Primary Surfaces / Shapes

Cluster 2
Similarity in both Primary Geometric Volumes
as well as Primary Surfaces / Shapes
Cluster 2 No similarity
Cluster 1 Similarity in Primary Geometric Volumes

3. Hierarchy of order
Mer Similar Sub-dominant elements
Similarity in Sub-dominant & Sub-ordinate elements

Cluster 4 — Similarity in all three elements

Similarity in Dominant & Sub-ordinate elements

Similar Sub-ordinate elements

Cluster 3 Similar Dominant elements
Cluster 2 Similarity in Dominant & Sub-dominant elements

Cluster 1 No similarity

Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine

10 15 20 25
I L L

Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine

10 15 20 35
1 1 1

Figure 3.9 Dendrograms for ten form attributes
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4 * Tv p e Of a XI S Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine

L] 5 10 15 20 5
1 Il L I I

Similarity in 2 type of axis

Cluster 3

No similarity

Cluster 2 Similarity in 1 type of axis

Cluster 1  Similarity in 3 type of axis

6 * Typ es Of axla | movemen ts Dendrogram using Average Linkage (Between Groups)

™ Similarity in 2 type of axial movement

Cluster 2 —

No similarity

R e 1

Cluster 1 Similarity in 1 type of axial movement

7. Types of axial relationships

Dendrogram using Average Linkage (Between Groups)
Resealed Distance Cluster Combine

10 15 0 25
1 1 1 1

[

[~ Similarity in 2 type of axial relationships

Cluster 2 —<

[

No similarity

Cluster 1 Similarity in 1 type of axial relationships

s
1
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1
1
I
1
1
1
1
1
I
I
1
I
I
1
1
I
1
1
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I
1
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I
1
]
I
1
1
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Figure 3.9 Dendrograms for ten form attributes (continued)
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8 . Typ es Of curves Dendrogram using Average Linkage (Between Groups)

Rescaled Distance Cluster Combine

$ H h h P id
Similarity in 2 type of curves :
I
I
1
Cluster 3 :
:
Similarity in 3 type of curves :
I
I
1
I
1
1
I
1
Cluster 2 No similarity !
1
1
I
I
I
:
Cluster 1 Similarity in 1 type of curve l

9. Transitional forms features
Dendrogram using Average Linkage (Between Groups)

: 2 ; 2 z
Similarity in 3 type transitional form features :
|
I
Cluster 3 :
\
No similarity :
1
1
1
I
1
|
I
Cluster 2 Similarity in 2 type transitional form features JI
1
I
]
1
1
I
Cluster 1 Similarity in 1 type transitional form features |I
10 * Typ e Of 0 rga ni Zatl on Of e I eme nts Dendrogram using Average Linkage (Between Groups)
Rescaled Distance Cluster Combine

[} 5 10 15 m E-3
1 1 1 1 1

Similarity in 2 type of organization of elements

Cluster2 —

1
1
1
|
I
1
I
1
I
1
1
1
1
|
- No similarity [~ }
I
1
1
I
1
1
1
1
1
1
|
1
1
|

Cluster 1 Similarity in 1 type of organization of elements

Figure 3.9 Dendrograms for ten form attributes (continued)
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11. Type of Symmetries

Dendrogram using Average Linkage (Between ...
Rescaled Distance Cluster Combine
0 5 10 15 20 23
1 1 L 1 1

B Similarity in rotation symmetry

Cluster2 —

_ No similarity |-

Cluster 1  Similarity in reflection symmetry

Figure 3.9 Dendrograms for ten form attributes (continued)

3.3.3 Results of Study 2

The visual analysis of thirty products for twelve form attributes indicates that
similarity in certain visual cues and no similarity, both of them have emerged as major
clusters/groups in analysed results (Table 3.5). All twelve form attributes have
clusters/groups of similarity with the majority of the products falling in those
clusters/groups e.g. form category - Cluster 1 and Primary Geometric Volumes &
Surfaces — Cluster 1 & 3. These form attributes also have the clusters/groups of no
similarity e.g. Hierarchy of order — Cluster 1 and Conditions expressed by axes — group

2.

This finding on similarity and no similarity in visual elements has important
implications. It can be an important parameter in deciding upon the degree of
resemblance and abstraction that designers are confronted with during the form
generation process. We may consider similarity/more resemblance and No

similarity/less resemblance/abstraction as the two extremes of a spectrum (Figure

3.10).
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No similarity
or
Less resemblance
or
Abstraction

Similarity
or
More resemblance

-+

Attributes of similarity

Form attribute controller.

Figure 3.10 Spectrum of similarity and no similarity

This spectrum when merged with attributes of similarity, can help a designer to control
abstraction in new designs through a form attribute controller (Figure 3.11). It can also
result in generating a number of variations of design concepts following a generative
approach of design. This study of analysing products inspired by nature has focused
on the generation of the exterior form of the artefacts (Nature-inspired products). The
outcome of our analysis has significantly helped to understand the relationship

between perceptual similarity, form attributes, and abstraction in such products.

Table 3.5 Results of cluster analysis of thirty products

S.No | Form Number Classified clusters and Groups Number of
Attributes of ) - products in
Cluster/Group | Attributes of similarity each
Clusters/ )
Groups variable
1 Form 4 Cluster 1 Both forms belong to the same form | 16
category category
Cluster 2 One form belongs to the central | 5

category and other belongs to main
category or subcategory from the outer
ring.

Cluster 3 One form belongs to the main category | 5
& another one belongs to subcategory
adjacent to main category
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both forms

Cluster 4 Both forms belong to two |3
subcategories adjacent to main
category.

Two forms lie in opposite categories 1
Both form belongs to two different | O
main category
2 Primary Cluster 1 Both forms have similar primary | 18

Geometric geometric volumes

Volumes &

Surfaces Cluster 2 No similarity of primary geometric | 8
volumes and surfaces in both forms

Cluster 3 Both forms have similarity in primary | 1
geometric volumes as well as primary
surfaces.

Both forms have similar primary | 3
surfaces
3 Hierarchy of Cluster 1 No similarity in dominant, sub- | 10
order dominant and sub-ordinate elements

Cluster 2 Similarity in dominant & sub- | 8
dominant elements

Cluster 3 Both forms have similar dominant | 4
elements

Cluster 4 Both forms have similar sub-ordinate | 2
elements
Similarity in Dominant & Sub- | 2
ordinate elements
Both forms have similarity in all 3 | 2
elements (Dominant, Sub-dominant &
Sub-ordinate)

Similarity in Sub-dominant & Sub- | 1
ordinate elements
Both forms have similar Sub-dominant | 1
elements

4 Type of axis Cluster 1 Similarity in three types of axis exists | 16
in both forms

Cluster 2 Similarity in one type of axis exists in | 7
both forms

Cluster 3 No similarity in the type of axis among | 3

TH-2769_156105010
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Similarity in two types of axis exists in | 4
both forms
5 Conditions Group 1 Both forms have a similarity in one | 20
expressed by type of condition expressed by axes.
axes
Group 2 No similarity in the type of conditions | 10
expressed by axes.
6 Types of Cluster 1 Both forms have a similarity in one | 16
axial type of axial movements
movements
Cluster 2 No similarity in axial movements of | 9
forms
Similarity in two types of axial | 5
movements
7 Types of Cluster 1 Both forms have a similarity in one | 17
axial type of axial relationship
relationships
Cluster 2 No similarity in axial relationships | 7
among the two forms
Similarity in two types of axial | 6
relationships between forms
8 Types of Cluster 1 Both forms have a similarity in one | 14
curves type of curve
Cluster 2 No similarity in the type of curves exist | 8
between forms
Cluster 3 Similarity in three types of curves | 1
among forms
Similarity in two types of curves in | 7
both forms
9 Transitional Cluster 1 Both forms have a similarity in one | 10
forms type of transitional form features
features
Cluster 2 Both forms have a similarity in two | 9
types of transitional form features
Cluster 3 No similarity in the type of transitional | 9
form features among two forms
Similarity in three types of transitional | 2
form features
10 Type of Cluster 1 Similarity in one type of organization | 15
organization of elements
of elements
Cluster 2 No similarity in the type of |12
organization of elements

TH-2769_156105010
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Similarity in two types of organization
of elements

11 Type of Cluster 1 Both forms have similar reflection | 21
Symmetries symmetry
Cluster 2 No similarity in the type of symmetries | 5
among two forms
Similarity in rotation symmetry among | 4
two forms
12 Type of Group 1 Similarity in the type of patterns | 10
pattern among two forms
Group 2 Pattern doesn’t exist 20

TH-2769_156105010
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Similarity
More resemblance

Similarity in
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form category .
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Sub-category) adjacent to that category or sub””  category categories
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Similarity in Primary O O L]
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p"mary Surfaces / Geometric Volumes as Geometric Volumes™._ Geometric Surfaces/Shapes
Shapes well as Primary Surfaces / only Y only
Shapes N
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Similarity in O—— O O O ‘
hlerarchy of order of Similarity in all Similarity in Similarity in Simﬂ/arity in sub- Similarity in sub- No similarity in
forms 3 elements Dominant & Sub- Dominant ,,v(ominant &sub-  dominant or sub- any ofjthe 3
(Dominant, Sub- dominant or element /" ordinate elements  ordinate element elements
dominant & Dominant & Sub- / /
Sub-ordinate) ordinate elements 7 4
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Similarity in type of O O O ‘
a6 ;
axis in forms Similarity in all Similarity in only Similarity in only No sim|larity
3 type of axis 2 type of‘iaxis 1 type of axis
Similarity in the ©) O O '2)

conditions expressed
by axis of forms

Similarity in axial
movement of forms

Similarity in axial
relationships among
elements within forms

Similarity in types of
curves existing in the
forms

Similarity in
transitional form
features

Similarity in type of
organization of
elements

Similarity in type of
patterns

Similarity in type of
symmetries

Figure 3.11 Proposed form attribute controller that can be used in a design tool
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In our view, this kind of approach for three-dimensional visual analysis of nature-
inspired product forms has not been attempted earlier. Hence, our experiment makes
a novel attempt in developing a methodology that is more systematic. As is illustrated,
it has perhaps made the process and manipulation of form generation more
transparent. Thus, giving the designer insights and control in the generation of
variations and transformation on the form in a more conscious and regulated manner.
It contributes in presenting to the Design educators and practicing designers an
approach in planning a more systematic approach in project assignments in product

form generation inspired by nature.

The experiment in the study of products, is our second study that contributes in

meeting the objective of this research.

3.4 Study (3a) on People — Study on approaches followed by

professional designers

Continuing with the third aspect of Nigel Cross taxonomy as the framework for our
research, in this section we focus upon people — more specifically the approaches
followed by professional designers. In this study, we examine the approaches followed
by some of the leading designers known for their unique professional work of nature-
inspired product design. In their portfolio of professional work, are reflections of
elements of nature as the source of inspiration. These are well-known designers of high
repute. We source published resources, interviews, and journal interviews that are in
the public domain to critically interpret their approach and thoughts on nature-
inspired design. It is an attempt to understand their design thinking and inspiration
of what and how they draw inspiration from nature to design these products. This part

of the study constitutes the third aspect of our study - of people.

3.4.1 Objectives of study (3a)

The objectives of this study are to understand the design approach of five well-known
designers and identify the various factors that they considered in their design process
to generate forms inspired by nature. It makes an attempt in understanding Design
thinking that has undergone into the generation of nature-inspired product form. The

approach followed by these leading Designers in conceiving and transforming ideas
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from source into tangible product form. What may be the key underlying

considerations in their processes in product form development.

3.4.2 Subjects (Professional Designers)

Five internationally acclaimed industrial designers were selected to benchmark
excellence in Design for the current study. They were shortlisted based on their known
works on nature-inspired design: Owen Jones, Christopher Dresser, Arthur Heygate

Mackmurdo, Luigi Colani, and Ross Lovegrove.

3.4.3 Methodology

The study of existing literature that attempts to understand the approach of designers
to design nature-inspired product forms is very limited and inadequate
(Lutchmansingh, 1990) (Sala, 2007) (Chen & Sung, 2013), Further, published
literature specifically on the design factors of such product forms is almost non-
existent. However, a few researches are actively engaged in the area of forms and

nature (Wong, 2010) (Burgess & King, 2004) (Irwin & Baxter, 2008).

Considering the limited available published studies that focus upon investigating the
less explored area of understanding the design process of nature-inspired form
generation, we had to examine different theoretical approaches that would help meet
our research objective. Literature indicated that Grounded theory as a research
methodology is best suited for the areas where no prior theory exists (Strauss &
Corbin, 1998). Grounded theory is a qualitative strategy to derive a general, abstract
theory of a process, action or interaction grounded in the data obtained from

participants (Charmaz, 2006) (Strauss & Corbin, 1998).

For this experimental study, a methodology based on grounded theory was, therefore,

adopted for the current study (Strauss, 1987) (Charmaz, 2006).

3.4.4 Data collection and analysis

Published literature suggests that documentary evidences and textual data are the
research material that can provide significant information about human thoughts and

human behavior (Denzin & Lincoln, 2000: 769). These research materials include
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memoirs, letters, diaries, newspapers, maps, photographs, paintings, etc.
Investigators from different fields like social science, history, psychology, etc. use a
different type of research material for their investigation e.g. ethnographers use data
from field notes and interviews obtained from field observations (Strauss, 1987: 3).
Researchers have used documentary and textual analysis in architectural research
(Kellett, 1990) (Suwa & Tversky, 1997) (Wong, 2010), industrial design research
(Lloyd & Snelders, 2003) (Blaich, 1989) & engineering design research (Lemons,

Carberry, Swan, Rogers & Jarvin, 2010).

In the context of our study, we have used text material from books and research papers
along with the transcripts of the interviews of designers as the main source of data for
our analysis (Table 3.6). Our main consideration for the data collection was to search
for the data which is a record of the designers own approach of design. This includes
books published by designers or their interviews in audio or video format that explain
their design discourse. We found books by Christopher Dresser and Owen Jones in
which these designers have documented their design approach and design
considerations. In case of Arthur Heygate Mackmurdo, we draw upon the research
work by Lutchmansingh who investigated his design approach in detail. For Luigi
Colani, we collected data from the two websites and a book. We used data from the
interviews and ted talk for Ross Lovegrove. Figure 3.12 shows a few sample images of

the work of these designers.

We followed Grounded theory as the basis for our analysis. Before starting the coding
process, we sorted and organized the data based upon their type and source. After that
a thorough reading was done through all the data to understand their overall meaning.
Chunks and segments of the data that contain information about the design process
were identified during this stage. During coding process, these chunks and segments
of texts were coded following the grounded theory procedure proposed by Strauss and
Corbin (Strauss & Corbin, 1998). The two stage-coding scheme was used to code the
transcripts and textual data viz. open coding and axial coding (Strauss, 1987) (Strauss
& Corbin, 1998). Open coding, the first stage of coding, was achieved by analysing a
sentence, paragraph, and also perusing books as the data source and included simple
and precise words that captured and condensed the meanings in the textual data. Open
coding was done to create code that best fitted the data, which was achieved by staying

close to the data during the coding process. The second stage of coding was axial
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coding, where codes obtained during open coding were categorized under core

categories. During axial coding process, the codes that made most analytic sense were

brought together around a core category to build a dense network of related codes. The

entire coding process was done through a continuous comparison between data to data

and data to codes (Strauss & Corbin, 1998) (Charmaz, 2006).

Table 3.6 Type of sources and their details

Designer Type of Detail about source (Name/URL) In-text citation
source
Owen Jones Book The grammar of ornament. (Jones, 1856)
Day and Son Limited, Lithographers to the queen, London (1856).
Christopher Book The art of decorative design. (Dresser, 1862)
Dresser Day and Son, Lithographers to the queen, London, (1862).
Book Studies in design. (Dresser, 1876)
Cassell, Petter and Calpin, London (1876).
Arthur Research Lutchmansingh, L. D.: Evolutionary Affinity in Arthur Mackmurdo’s (Lutchmansingh,
Heygate Paper Botanical Design. De-sign Issues, 6(2), 51-57 (1990). 1990)
Mackmurdo
Luigi Colani Website http://www.colani.ch (Luigi Colani,
2007)
Website https://designmuseum.org/designers/luigi-colani (The Design
Museum, 2015)
Book The Fundamentals of Product Design. AVA Publishing, Switzerland (Morris, 2009)
(2009).
Ross Ted talk https://www.ted.com/talks/ross_lovegrove_shares_organic_designs | (Ross Lovegrove,
Lovegrove 2005)
Interview | https://www.youtube.com/watch?v=VebEnzMrAug (Ross Lovegrove,
2010)
Interview https://www.youtube.com/watch?v=6epm8fkUwzw (Ross Lovegrove,
2017)
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Figure 3.12 Sample designs by the five designers
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3.4.5 Results of Study (3a)

The text analysis extracted fifty-one coded concepts, grouped under fourteen core
categories: Inspiration, Observation, Necessary conditions, Laws in natural forms,
Principles in natural forms, Manipulation in natural forms, Mental conceptions,
Symbolism, Art, Pleasure and emotions, Modes of externalizing ideas,
Transformative processes, Previous work, Design philosophy (Figure 3.13). The core
categories and the linked coded concepts were the design factors that influenced the
work of five designers. All the core categories and coded concepts related to them were
organized into a network diagram (Figure 3.13). This diagram is grounded in the words
and text of designers under study as all the design factors were directly coded from the

primary source of data.

Owen Jones
- Attentive
Christopher Dresser Prolong: | studyof
Microscopic,  Shapes in observation ~ Matural
forms nature of natural Ep )
Arthur Heygate Mackmurdo Organic form Observational
design skills and
Observation instinctive
Natural =
Luigi Colani Biodesign Botanical o of nature curiosity
Imagery patterns
mapping of
i Refinement Law of
previous Study = o Law of
Ross Lovegrove s S ofmind |  radiationfrom  proportionate
Knowledge the parent gjstribution of
& work Inspiration Close i the areas
P ; Design . oximit
nI::\:?:i’n ::g’l’::::‘nﬂg oy Observation proximity e

tangential
curvature of
the lines

design with biological
thinking Previous Necessary
work conditions
Sketching Use of digital
and Model Pachnofonl

Law of

Laws in e Principle of
making natural dy:::;:::‘r: Organic Use of colour
processes forms essentialism to assist form

Design
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sketching development
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hints of principles in
nature for Pleasure 5 3 images of
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P Nature and embodiment nature form
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Figure 3.13 Design factors (Core categories & Coded concepts) identified from the text

analysis of the five selected international designers
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A detailed discussion of the fourteen core categories and their subcategories is as

follows:

(1)Inspiration:

The core category indicates the type of inspiration from nature, which designers
mostly preferred for their design work. Mackmurdo preferred the use of
Botanical imagery for his designs; these are the images of natural environment
like marine vegetation (Lutchmansingh, 1990). Ross Lovegrove (2005)
explored Microscopic forms for his inspiration. These microscopic forms are
the sources of new form elements as they are not visible to the naked eye but
can be explored only using instruments like an electron microscope. He has also
drawn inspiration from Natural growth patterns like fractals in nature (Ross
Lovegrove, 2005). Luigi Colani looks for Shapes in nature to get inspiration.
Products designed by him display a close resemblance with natural shapes and
forms (Luigi Colani, 2007).

There seems an inherent wonder about order and harmony in the hidden and
the unseen in nature. This seems to inspire these designers in understanding

the underlying science and bringing this novelty into their design.

(2)Observation:
All the designers concur that observation of a natural form is necessary to
collect visual information about that form. Ross Lovegrove (2010) mentions
that his work is very much influenced by the Observation of nature.
Christopher Dresser suggests that a Prolong observation of natural form is
necessary to investigate and to understand its refined shapes. He also explains
that this observation could be an Attentive study of natural form which
involves the study of various parts and their orientation, shapes, lines, colours,

contour in organs and sections of forms (Dresser, 1862).

(3)Necessary conditions:
These conditions support and help designers to understand nature and reflect
it in their design work. Dresser proposes that being in Close proximity to a
natural form helps to discover new forms within a single natural form. He states
that to appreciate the delicacies of form and line, Refinement of mind is

required. For this refinement, constant observation and investigation of natural
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forms is required. He also suggests that to design an ornament for the people,
it is necessary that one should enter the spirit of ornament. For this, the student
must Study people, their religion, habits, nature of their food and character of
their climate, etc. (Dresser, 1862). Referring to the drawings of Leonardo da
Vinci, Ross Lovegrove explains how good Observational skills and Instinctive

curiosity work together to create amazing art (Ross Lovegrove, 2005).

(4)Laws in natural forms:
These are the underlying laws which we find everywhere in nature. For
example, the laws on which leaves and flower grow. Owen Jones identifies some
of these laws as:

- Law of radiation from the parent stem — “In surface decoration all lines
should flow out of a parent stem. Every ornament, however distant,
should be traced to its branch and roots”.

- Law of proportionate distribution of the areas — “Areas in the leaf are
so perfectly distributed that repose of the eye is maintained”.

- Law of tangential curvature of the lines — “All junctions of curved lines
with curved or of curved lines with straight should be tangential to each

other” (Jones, 1856).

Mackmurdo’s work was based on the Law of dynamism & rhythms, which is
about the dynamic changes or rhythmic changes in the natural form in response
to an external force of wind or water e.g. swaying of plants in air or water

(Lutchmansingh, 1990).

(5)Principles in natural forms:

These principles are the guiding ideas that may help a designer to observe, study
and understand the natural form or any natural phenomena.
Christopher Dresser explains some of these principles (Dresser, 1862):

e Principle of order: Various parts of a plant follows a principle of order during
their development phase. This principle of order is a result of geometric
arrangement that exists in these parts e.g. spiral leaf arrangement.

e Principle of repetition: Principle of repetition is an indication of plant growth.

Repetition is further divided into four categories: Radiating repetition (in
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flowers), Elongated repetition (in leaves), Extended repetition (growth of the
plant in a divergent manner e.g. Parsnip flower), Repetition of a spot or a part.

e Principle of alternation: Alternation in botanical phraseology is referred to the
arrangement of parts of the flower and distribution of leaves on a stem. In
flowers, the principle of alternation governs the arrangement of four series of
parts: first series (ring of outer green leaves), second series (ring of coloured
leaves), third series (awl-shaped or thread-like members), and inner series (a
central organ). These series are arranged in an alternate fashion, for example,
third series parts do not fall over the second series parts but in the space
between them, they alternate with them and also with inner series. In case of
leaves, second leaf is situated at the opposite side of stem and when viewed from
the top second pair falls between the spaces of units of first pair.

e Principles of curves and lines: There is beauty and power associated with
curves and line. Beauty lies in the subtlety of a curve. Curves are full of energy
and life. To capture that beauty of life, one must have energetic curves in design.
If observed carefully one can easily spot curves like parabola, hyperbola, ellipse,
catenary, involute, convolute and arc in nature. Among various curves that exist
in nature, the line is found to be the most powerful in character. The line of life
is a class of line, which expresses a strong vital power in nature. The direction
of growth of leaf and buds are related to this line. The rule of tangential union,
which states that the union of curves with curves, or curves with right lines must
always grow place in a tangential manner.

e Principle of proportion: Proportion in nature is a harmonious relationship
among several parts or to the whole organism. Proportions in nature are very
pleasing and are of subtle character. Professor Adolf Zeising proposed the
‘Golden cut’ as a law prevailing in the entire universe.

e Principle of adaptation: Adaptation of plants to the surroundings is something
that can be learned from nature and can be applied to the artefacts to make
them adaptable to the conditions in which they will be used. The form of
different parts of plants are in harmony with the surroundings and
environmental conditions in which the plant exist. Similarly, objects are
adapted to the purpose for which they are intended. For example, in nature

plants that appear as horizontal objects have radiating structure and plants that
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appear as vertical objects have a bi-symmetrical structure. In architecture, the
same principles are applied to the floor-patterns and wall-decorations.

e Owen Jones explains two principles that he observed in natural forms. First one
is related to the use of colour to assist form development and second one is on
geometry as a basis of all forms (Jones, 1856).

o Use of colour to assist form development: Use of different colours for
the transition of form and also to make features of form distinct is
something that can be used as the guiding inspiration of nature.
Different colours separate different forms in an organism. Just like the
natural law that exists in nature where we generally find primary colour
on buds and flowers and the secondary colour on leaves and stalk.

o Geometry is the basis of all forms: one can observe the symmetry and
regularity in the natural forms like flowers when viewed in plan or
elevation.

e Abstract principles in images of nature: Mackmurdo explains the abstract
principles in images of nature as principles of irregularity, arbitrariness, and
economy of form that exist in nature (Lutchmansingh, 1990).

e Principle of Organic essentialism: Ross Lovegrove defines the principle of
organic essentialism as reducing a form to its minimum material mass, which
means removal of the extra material from the form that is not required (Ross
Lovegrove, 2005).

e Principle of evolution: Many designers have noticed the role of evolution in the
development of natural forms. Mackmurdo explains that even for an artist it is
necessary to understand the developmental principles in nature. These are the
principle of organic evolution derived from the observation of natural
phenomena (Lutchmansingh, 1990). Natural forms improve and evolve with
time. The form of organisms is a result of millions of years of evolution, which

are highly functional (Ross Lovegrove, 2005) (The Design Museum, 2015).

(6)Manipulation in natural forms:
Owen Jones suggests that for a good work of art the forms of nature must be
idealized based on the observation of principles, which regulate the
arrangement of forms in nature (Jones, 1856). Christopher Dresser also
proposes that adding forms of exceeding beauty can modify natural forms.
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These adaptations and modification of natural form may be used to enhance

our pleasure (Dresser, 1862).

(7)Mental conceptions:
Mental conceptions related to natural forms is the embodiment of the idea or
conception of natural form into the form of the existing object e.g. conception
of blooming of flowers. This mental conception could be about orientation of
parts, shapes of parts, colours, and details related to a particular form like

character of line and order (Dresser, 1862).

(8)Symbolism:
Natural forms are very often used to symbolize something else in the man-made
world like in ancient Egypt lotus was the symbol of power (Jones, 1856).
Dresser used symbolism to express feelings. It is the way of expressing definite
ideas through ornamental shapes making use of forms having acknowledged
significance e.g. leaf-buds for spring, leafless branches for winter, and orange-
blossoms for innocence (Dresser, 1862). Mackmurdo also advocates the
symbolic embodiment of natural law. He describes the embodiment of natural
law in the form is way to approach symbolic function of botanical design

(Lutchmansingh, 1990).

(9)Art:
Designers have identified art as an important factor for nature-inspired
designs. Mackmurdo explains the link between art and nature as work of art is
similar to the work of nature. Design, as manifested in art, is work of human
and plant is a work of nature. Primarily plant and human both are influenced
by same ‘nature’ and therefore work of art is similar to work of nature. He also
suggests that the independent role of formative imagination can help to avoid
transcription of nature (Lutchmansingh, 1990). Design, Nature, and Art are
the three things that significantly influence the work of Ross Lovegrove. He also
supports the use of impressionism as an important art form for expressing ideas

(Ross Lovegrove, 2005). Ornamentation is not different from the architectural
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member rather it forms a part of that member. This harmony between

ornamentation and architectural elements adds poetry to design (Jones, 1856).

(10)Pleasure and emotions:
Christopher Dresser in his book discussed hints of nature for pleasurable
emotions. He suggests that while following hints of nature with an inward
instinct or passion one can design the forms, which yield pleasure to our mind.
He also explains how the diversity of character in parts within a natural form
gives rise to the production of a contrast of a pleasing character (Dresser,
1862). Ross Lovegrove believes that nature has a direct link with human
sensuality. Organic design directly influences the human senses and their sense
of relationship with things (Ross Lovegrove, 2005).

(11)Modes of externalizing ideas:
Designers mostly rely on two modes to externalize the ideas that they have in
their mind: Sketching and Model making. Christopher Dresser suggests that
sketching every stage of form development of the natural form can help the
student to describe that natural form precisely with delicacy and feelings, which
will further help the student to define the use of that form in ornament and its
symbolic significance (Dresser, 1862). Ross Lovegrove (2010) sketches
whatever he visualizes. In his design process, Colani develops his idea through

sketching and model making (Luigi Colani, 2007).

(12)Transformative processes:
This factor includes the approaches followed by designers to transform their
ideas into tangible designs. Mackmurdo’s designs are the result of his unique
design approach in which he combines the data of nature with the rules of
abstraction and requirement of decorative design (Lutchmansingh, 1990). Ross
Lovegrove employs digital technologies like parametric design software, 3D
printers, and 3D scanners to reinvent his design process of form creation. When
industrially manufactured products are subjected to biomorphic or organic
design treatment, one has to search the creative solution within engineering
constraints but in harmony with nature, He attempts to find such creative
solutions by combining engineering with biological thinking (Ross Lovegrove,

2005).

63
TH-2769_156105010



(13)Previous work
Sometimes referring to previous work may help designers to overcome design
fixations. Ross Lovegrove (2017) says the mapping of previous work helps to
position himself and see the missing gap or new scope of work. Dresser has also
many times referred his previous work to gain knowledge of what has already

been done (Dresser, 1876).

(14)Design philosophy
With experience gained with time and years of design practice, designers have
developed their own design philosophies. Famous for his philosophy of
Biodesign, Luigi Colani has designed products that are characterized by round
and organic forms inspired by nature (Morris, 2009). Ross Lovegrove is well
known for his design philosophy of Organic design, based on his principle of

organic essentialism (Ross Lovegrove, 2005).

To summarize, in the opinion of all these five leading designers, they agreed that
nature is a great source for designers to draw their inspiration from. To be able to do
so, there is a need to create an environment for their work that is in close proximity to
nature. This will enable them to have an immersive experience of studying, observing
and understanding the various principles, natural laws that can be used to draw into
their design works. The designer has the creative freedom to firstly understand these
aspects of nature and also to go beyond to add new dimensions of symbolism and
meaning onto the products they design. This can be achieved by understanding the
values, beliefs and practices of the society that they are designing for. All the designers
agreed that translating such an understanding of laws and principles in nature will
translate into good and aesthetically well designed products if they are able to
incorporate these into their design by using the state—of-art knowledge and

understanding of engineering principles.

The outcome of this study also brings out one more aspect that has implications on
planning the structure of introducing a course in nature inspired design. The fourteen

criteria outline an order that a design educator can follow in planning the course.
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Appropriate assignments can be planned to include a keen study of nature inspired

design projects.

This study formed our basis to undertake this next experiment of our study of people.
We planned a design task in the study of the process of form generation of a scent
bottle inspired by nature. This was undertaken with senior students of Design at our
Design department. The study and its objects are presented in the next section to

follow.

3.5 Study (3b) on People — Study on approaches followed by

design students

In the previous study, we attempted to understand the approach of professional
designers. However, there exists a difference in the design cognition of professional
and novice designers. Therefore, to understand an alternative perspective on people
and processes, we conducted an experiment to understand and interpret the design
strategies and processes of senior design students who formed the subject for this

study.

This study is more applied in nature. We introduced an assignment in design of a
product — a perfume bottle, to senior students of Design at our Department of Design
at IIT Guwahati. It aimed to see first-hand the process these young designers follow in
design and to interpret the design thinking process they undergo by analysing their
journey of developing their ideas. To gain insights of their thought processes of
analysis, and transformation from mental ideas into tangible product forms by

following a think-aloud process for our analysis in this experiment.

3.5.1 Objective of study (3b)

The objective is to study the design approach of design students and identify various
factors that are engaged in their thinking during the process of generation of product

forms inspired by nature.
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3.5.2 Methodology

As outlined in the objective, the primary goal of this exploratory research is to
understand the design thinking process adopted by design students during an exercise
of designing nature-inspired product form. The inductive theory building approach of
grounded theory makes it suitable to investigate the less researched subject of nature-

inspired form generation for the current research (Strauss & Corbin, 1998).

Considering that for more than four decades, protocol analysis has been used in design
research to understand design processes, we adopted the Protocol Analysis method for
our study. It is a well-established technique used to study design processes and design
cognition in various disciplines like Architecture, Industrial Design, Mechanical
Engineering, Electronic Engineering, Software Design, and other domains (Cross,

2001)

Protocol analysis is the process of collecting verbal data from a subject who is
performing a design task. There are three ways to collect this verbal data: Concurrent
verbalization, Retrospective verbalization, and Introspective verbalization (Ericsson &
Simon, 1993). While concurrent and retrospective verbalization methods yield the
most faithful and detailed information about the problem-solving processes,
concurrent protocol analysis is the most widely used method in the design domain
(Ericsson & Simon, 1993; Chan, 2001). In concurrent protocol analysis subjects are
instructed to think aloud while performing a design task and by doing so they are
concurrently reporting the content of their short-term memory. These verbal reports
help a researcher to get insights into how subjects develop solutions to that problem

(Ericsson & Simon, 1993).

In this study, we adopted the method of concurrent protocol analysis to collect verbal
data from a select group of design students participating in this experiment.
Subsequently, our study employed the qualitative research methodology of grounded
theory (Strauss, 1991) (Creswell, 2013) to analyse the data and find various factors
responsible for the development of nature-inspired product form during their design

process.
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Design tasks

In the process of designing nature-inspired product forms, a designer more often,
either uses physical three-dimensional natural form or searches for images in sources
like books, internet etc. Therefore, in our experiment, we planned to include two tasks
of developing the form of a perfume container that is inspired by nature as shown in

Table 3.7.

The first task involved the use of two-dimensional representation (Images) drawn
from nature while in the second task we introduced a Hibiscus flower as a three-
dimensional source of inspiration from nature. The perfume container was selected to
keep its functional requirement to a minimum and enable the participants to focus on
developing the form of the container rather than attend to functional aspects, intended

market, and other factors like brand identity and manufacturing process.

Table 3.7 Two design tasks for the experiment.

Task No. Instructions given to the students
Task 1 Design a 50 ml perfume container taking inspiration from natural forms. You are
permitted to use the internet to search for sources from nature for inspirations.
Task 2 Design a 50 ml perfume container taking inspiration from a Hibiscus flower provided
to you.

Participants

Protocol analysis is expensive and requires a substantial amount of time (Ericsson &
Smith, 1991). As a result, most of the studies require a small sample size. Purposeful
sampling strategy was adopted for the current study (Creswell, 2007). We selected
senior students from the Master of Design (M.Des) programme who had recently
completed their academic course work at the time of this experiment. The knowledge
of the structure of visual relationships (Hannah, 2002) and the principles of three-
dimensional visual analysis (Koler, 1994) was the essential criteria for their selection.
Participants included 12 senior master’s students in industrial design (9 male+3
female). The age of subjects ranged from 23 to 28 years, the average age being 25.5
years. Deciding factors for the number of participants include: Detail in the collected

data from each participant for each task and the saturation achieved during analysis.
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It was also decided to include more number of participants if the saturation is not

achieved with 12 participants.

Experimental set-up

The experiment was conducted in a closed room equipped with two video cameras to
record all verbal data and sketching activities of each individual participant (Figure
3.14 a & b). A3 papers, pencils, eraser were provided to the participants along with a
computer to access the internet for design Task 1 (Figure 3.14 ¢) and Hibiscus flower

for design Task 2 (Figure 3.14 d).

‘//"
/\\ Video camera 2
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y |
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4

A3 Size Papers

Video camera 1

(a) (b)

(d)

Figure 3.14 (a) & (b) Experimental set up for Verbal Protocol Analysis, (c) Design Task 1, and
(d) Design Task 2.
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Experimental procedure

A short think-aloud exercise was conducted before main experiment to make
participants familiar with the think-aloud method. At the beginning of each task
participants were given design brief as a written document. Participants performed
both the tasks one after another. While working on the tasks, participants were asked
to think-aloud. All the verbal data and sketching activities were recorded by the two
video cameras. The participants were asked to generate as many concept as they can
and they were free to submit the tasks whenever they feel out of ideas. The average
time duration for Task 1 was 22 min 27 sec and for Task 2 was 14 min 13 sec. Sample

sketches of the participants for Task 1 and Task 2 are shown in figure 3.15.
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Figure 3.15 Sample sketches of the participants for (a) Task 1 and (b) Task 2.
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Data collection and analysis

The transcribed texts with time stamping formed the main data for analysis but
sketches also provided additional support (Figure 3.16). Three stage-coding scheme of
grounded theory was used to code the transcribed data: open coding, axial coding and

selective coding (Strauss, 1991) (figure 3.17 a).

| sub | mme(min | Segments/episodes __ | vialCoding__|
M1 08:58—09:08 So this is a bottle and it has some step kind of thing step by step it is Reduction in shape Manipulation
reducing the shape something
M1 09:09-09:46 So lets say this is the basic base and the next one will come inside of
this form and next one is coming something like this and the top part
something like this and
M1 09:47-10:14 Any other interesting forms (image search) Image search Inspiration Search
M1 10:15-10:39 This another leaf you can see it has a small head kind of shape and it Head kind of shape and Morphological Observation
has cuts here one two three cuts & illustration (inspiration)
M1 10:40-11:00 What about a perfume bottle it has a clearance at the centre (sketch) Central clearance Mapping (Form)
M1 11:01-11:07 | am not taking the other part | am just simply keeping it as plane Selective area Element Extraction
Strategies (Cutting)
M1 11:08-11:19 And it has a curve here and this shape Curves & Shape Morphological Observation
& illustration (Concept)
M1 11:20-11:33 So basically this kind of shape
M1 11:34-11:57 (Image search)looking for other leaves Image search Inspiration Search (Specific
category)
M1 11:58-12:09 Patterns of leaf (Image search) Patterns of leaf Inspiration Search (Specific
category)
M1 12:10-12:56 Now | am changing something like patterns of leaf (Image search)
M1 12:57-13:03 So just drawing | think this is not the original leafs

Figure 3.16 Excerpt from the collected data

Open coding was the first stage of coding applied to the segments of the transcribed
texts. Codes during open coding were generated by close inspection of each segment
line-by-line or word-by-word while moving quickly through the data. These codes were
kept simple and precise. To stay close to the data most of the codes during this stage
were in vivo codes, which provided a useful analytical point of departure. In this stage,
concepts are extracted from the texts to reach a conceptual level necessary for the

theory development. These are called coded concepts.

The second stage of coding was axial coding, where we shift our focus from data to the
coded concepts obtained after open coding. During this stage, the analysis was done
around the axis of one category at a time to build a dense network of relationships
around that axis. The codes generated in this stage help to synthesize and organize a
large amount of data obtained after open coding. Codes obtained during this stage
were called as main categories. Coding during this stage is conceptual where linkages
between coded concepts and main categories were made. In some cases, we have also

developed a third level of sub-categories due to the increased density of the codes.
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The third stage of coding was selective coding, which was done systematically to
generate core categories. In this stage, all the coded concepts, main categories, and
sub-categories were systematically linked with the core categories. These core
categories formed the key factors, which are responsible for the designing of nature-
inspired product form of the perfume bottle. The findings were first represented in the
form of a network diagrams that later helped us to develop hierarchical diagrams

(Figure 3.17 b).

The constant comparative method of data analysis was followed throughout the coding
process. The coded concepts from both the tasks were collectively used to generate
main categories, sub-categories and core categories. It was presumed that findings
following this approach would later help in the development of an emergent

theory/theoretical framework on nature-inspired product form generation.
Note on reliability:

We did not perform any inter-rater analysis for the coding. The codes and categories
in our study are grounded in the data obtained from the twelve participants. Due to its
standardised format of analysis, the grounded theory does not require inter-rater
reliability measurements (McDonald et al., 2019). The rigorous process involves
constant comparative method of data analysis, followed by three stages of coding, and
finally development of theory. Constant comparative analysis helps a researcher to
refine theory at every stage of the process (Strauss and Corbin, 1998) (Creswell, 2013).
For a grounded theorist, codes are one of the interim product and not final result that
require testing. It is the process in addition to codes that generates a grounded theory

(Grinter, 2010).

However, as per the demand of some journals we calculated intra-coder agreement for
the collected data. The data was coded twice with a time gap of two months by a single
coder. All the entered codes were compared with other codes of that category to check
if they were related to each other or not. If a code did not fit into an existing category,
it was moved to another category; or new category was created and data was recoded.
The intra-coder agreement was 99.2% for two sessions of the coding with a time gap

of two months.
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Figure 3.17 (a) Three stage-coding scheme of transcribed text, (b) Network diagram

and a Hierarchical diagram constructed after coding
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3.5.3 Findings

The coded concepts obtained after open coding, main categories and subcategories
after axial coding and core category after selective coding were first organized into
network diagrams that later helped in the development of hierarchical diagrams.
Eleven core categories emerged after analysis that were found most appropriate in
terms of the form generation process. The theoretical saturation was achieved for the
tenth participant where no new categories emerged relevant to the form generation
process. However, data for the remaining two participants was also coded to confirm
the saturation. After achieving saturation no more participants were included in the

experiment.

The eleven core categories are the key factors that participants considered while
designing nature-inspired product form. During axial coding, it was found that some
codes could be further categorized into two levels of axial coding. The five key factors:
Inspiration, Morphological Observation, Strategies, Manipulation in Form and
Possibilities have two levels in axial coding. The other six key factors: Semantic
Associations, Experience, Elements Extraction, Mapping, Judgement and Triggers

have a single level of axial coding.
Findings of this study are covered under three sections:

e Section a: covers all the eleven key factors in detail with their respective
network diagrams and hierarchical diagram.

e Section b: discuss the influence of these of eleven key factors on design process
of design students.

e Section c: Explain the links between categories and overlapping key factors.
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Section a: Eleven key factors

In the following sections, all the eleven key factors are discussed through their network

diagrams and hierarchical diagrams.

1. Inspiration

Inspiration factor includes the actions of design students related to their search and
selection of inspiration to start their new concept (see Figure 3.18 a). For task 1
subjects were, free to search their inspiration on the internet as well as seek for some
inspiration in their mind (mental images). An excerpt of the transcript below explains

these two approaches for inspiration search.

Table 3.8 Excerpt of the transcript

M1 01:59 — 02:08 I am looking for rose flowers

M7 14:51 - 15:28 I am just searching the word premium so let see what all
images come

M2 03:21 - 03:37 So maybe as if now | am thinking about which fruit or which

vegetable | need to be taking to give that flavor

F3 00:00 - 01:38 I will write down natural forms first — Flowers, Animals,
Birds, Aquatic life, Mountains, Rivers, Tornado, Ocean
ripples, Stones, Trees, Fruits...hmm...Ok

The text analysis extracted one hundred and eighteen coded concepts, which are
grouped under two main categories Search and Selection. Coded concepts under
Search and Selection are further divided into two sub-categories External Stimuli
(Internet) and Internal Stimuli (Mental Images) (see Figure 3.18 a). While using
External Stimuli (Internet) students browsed the internet for their inspiration and in
the use of Internal Stimuli (Mental Images), students are thinking of inspiration in
their mind. External Stimuli of Selection category is again divided into two sub-
categories Internet and hibiscus flower. The category hibiscus flower comprises of all
the concepts related to the features of hibiscus flower that students had selected to use
in their concepts. The key factor, main categories, and sub-categories are represented

in a hierarchical diagram (see Figure 3.18 b).
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aroma, different flowers, smell & flowers, fruits
having good smell, Nature, rigid forms in nature,
smell in nature, blooming of flower, Plants and
texture, Natural shapes, unique form, natural
forms of animal, unique plant, form that

amuses, nature inspired animal forms, unique
aquatic animals, aquatic, prawn images, birds,
birds with unique forms.

Keywords: natural form, natural shape, perfume,
natural unique form, unique animals, unique
animal forms, most unique looking birds.

for Inspiration key factor.
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More attributes for perfumes,
Visualization of perfume, Water
forms, Tidal waves, perforations,
Flowers, trees, leaves, Forest,
dry leaves, sand, ants, Long tube,
cloth, stomach, Saggy rice bags,
water bags, sources of smell,
deer and musk, flowers, flower
as inspiration, organic shapes,
leaves or water.

Select Flowers, Rose flower,
Familiar Autumn leaf,
women, Six pack abs,
Panda, Selected kangaroo,
Selected Strawberry , Form
inspiration as strawberry,
Rose petal,

selecting flower, selecting
litly, Jasmine flower, rose
with petal, bud shape, bud,
female body part, proud
stand, tree stick, bud &
blooming of bud, snail,
frog, texture, mimosa plant,
octopus, prawn, jelly fish.

Petal of a tulip, Selected
mountains, Texture of
coffee, Cow, Inner content
of bottle, rose fragrance,
cluster of flower, look of
sandal wood, Neem leaf,
jasmine, blooming of
flower.

starting with stem,
Selecting polien,
Leaf for inspiration ,
selecting petal,
Revolving structure,
hibiscus bud, only
one petal, veins
coming out.
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Figure 3.18 (a) Network diagram for Inspiration key factor, (b) Hierarchical diagram
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2. Morphological observation

Morphological Observation is the key factor, which represents the approach of design
students while observing the inspirational natural form, their developed concepts, and
existing products. It is interesting to note that students not only observed the
morphological features of inspiration, but they also observed morphological features
of their developed concepts and existing products too. As a result, one hundred and
twenty-three coded concepts under this factor are grouped into three main categories
of Inspiration, Concept, and Product (see Figure 3.19 a). The highest number of coded
concepts falls under Inspiration category, where students observed various Parts of
the inspirational form along with Form features, Colour, Axis, Symmetry,
Phenomena, Prominent feature, Physical properties, Textures and Patterns of
inspirational form. The Concept category branches out into five sub-categories
Elements, Components, Form, Features, and Proportion with coded concepts that
students observed while developing their product concepts. The Product category has
only one sub-category Form, where student observed the basic shape of the existing
product. The hierarchical diagram illustrates the Morphological Observation key

factor along with other main categories and sub-categories (see Figure 3.19 b).
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Curves of petals, Head kind of shape and cuts,
Observing curves, Medially opened flower,
Connected forms, form of wings, Cut on
centre, Curves on body, Basic shape of leaf,
Centre funnel, Merging at one point, petal
shape, entire flower shape, similar to petal,
overlapping triangles, Curves & Vivid form,
thread kind of form, holes & spaces, leaf
shape, Curved edges, curves & lines opening
up, nice curves.

Colour gradation, Contrasting colour,
green, water blue & sky blue colour,
Shade difference, Red colour.

green part, top part and petals, Position of limbs,
Observing different parts of flower, Chest & Shoulder
part, Position of head, Shape of petals, Other parts
like pollen, Position of wings, Position of a hole, Halfly
opened leaf, Non uniform structure of petals, Edges
of petals, Bend feature, Overlapping petals, Hanging
carpel, Different parts, Observing flower, Position of
legs, Position of body parts, Number of petals,
Arrangement of petals, Tiny things on pollen,
Resembles waves, Different parts of flower, Jagged
leaves, focusing on one part, Narrow thing, centre
point of flower, bud, each petal is different,
Identifying different parts, tiny pointed edges,
Number of petals, bud is interesting, Different

1 ization of el green thing
attached to main branch, sticks coming out, sticks
enveloped in red part, red part emerging from base,
Pollens in flower, eyes, head & nose, head &
tentacles, Part of stem & shoot, Number of petals,
Stem, middle part and main flower, part of petal, bud,
close view of petal.

Basic shape
of bottle

I Number & Position of elements ]

Major components of container, sprayer at top, Nozzle
position, something which hangs out of perfume.

Basic idea for form, Petal shaped bottle,
bl form.

Comp d, Bud head,
Form
Subtle curved lines as contour on bottle,
Concept Combination of features, Curves &

| Morphological Observation |

Shape, transforming key features into
form, one side flat & one side curve.

Inspiration

Physical
Properties

Central axis, Symmetry Prominent
Observing axis, Feature
Axis of flower.

Phenomena

Observing symmetry

Reciprocate its seeds,
swirling makes it more
visible, cutting of
strawberry, sunshine,
steam coming out.
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Patterns on flower, Pattern on petals,
veins gives rhythm & gradient, folding's,
Veins going towards centre, Pattern,
Veins kind of structure.

Texture on flower, Texture at base, Veinluar
texture, Soft, stainless steel finish.

Black eye circles, Most
prominent feature,
folding's are
complementing form,
Layers.
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Figure 3.19 (a) Network diagram for Morphological Observation key factor, (b)

Hierarchical diagram for Morphological Observation key factor.
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3. Strategies

The key factor Strategies encompass various strategies used by design students during
their design process. Forty-eight coded concepts are identified from the analysed text
which are grouped under five main categories - Elements extraction strategies, Form
generation strategies, Abstraction, Orientation change, and Form decomposition
(see Figure 3.20 a). The main category Element Extraction Strategies includes coded
concepts relating to extraction of form elements from the inspirational form through
sketching form or shape and selective extraction of few elements or a small portion of
the inspirational form. As a result, this category is further divided into two sub-
categories Sketching and Selective Extraction (see Figure 3.20 b). Form Generation
Strategies covers three sub-categories: Combining elements, Arranging elements and
Sketching. The subcategory Combining elements covers all the concepts related to the
combination of different forms or shapes. Arranging elements involves a change in
the position of form elements, repeating them or rearranging them. The subcategory
Sketching deals with the sketching of parts of the inspirational form and its silhouette.
The main category Orientation Change includes coded concepts that indicate the
change of the orientation of inspiration or concept. Therefore, this category is
branched out into two sub-categories Inspiration and Concept. The main category
Abstraction refers to the abstraction of elements of inspirational form done by
students and is divided into two sub-categories Selective features and Modes of
abstraction. The analysed text indicates that students have abstracted Selective
features of the inspirational form like the abstraction of patterns, area or pollen, etc.
Students have controlled the abstraction through changing texture distance as a Mode
of abstraction. The fifth main category is Form Decomposition and coded concepts
under this category represent various actions of cutting or dividing the inspirational
form or identifying different types of forms within a single inspirational form. All the
main categories, subcategories and their link with a key factor are represented through

the hierarchical diagram (see Figure 3.20 b).
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Cutting of leaf, Dividing
object, Dissect the
elements, Identifying
different types of forms.

Drawing entire shape,
Sketching visual forms,
sketching extracted elements.

Selective area, Selective portion of form,
Good base, Taking half part, Selective
portion, selective inspiration, small portion,
small part for inspiration, Only essence,
unique characteristies.

Better view, Different
images of same animal,
Changing view, Side
view, Turning upside
down, Different view,
Upside down of stem,
top view, front view or
side view, inverting
image, Turning through
all sides.

Inverted form,
Upside down form,
rotating of drawing
sheets.

Concept

two forms

Random combinations of
different elements, combining
two opposite shapes, combining

| Selective Extraction |

Abstraction of patterns,
Abstraction of area,

| Form Decomposition I

[ Element Extraction Strategies | Abstraction from petals,
Abstraction of pollen.

Orientation Change l—I Strategies l—-l Abstraction

| Form Generation Strategies |

Combining /’7

elements

Arranging

elements

/

repeating one form, arranging
shards in different axis, Changing
position of elements, repeating
patterns, rearrange patterns.

(a)

sa|dalens

Sketching

sketch every part and silhouette,
Sketch, life sketch.
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Selective
features
Increased distance
Modes of between pattern,
abstraction Controlling abstraction
through texture distance.

Balance, line to surface conversion,
Use of light & shadow, reducing
clutter, Guidelines for symmetry &
proportions, iterations of basic form,

rcombining concepts.

Figure 3.20 (a) Network diagram for Strategies key factor, (b) Hierarchical diagram

for Strategies key factor.
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4. Manipulation in form

Manipulation in Form is the key factor, which represents various manipulations
performed by design students during their form generation process. Forty-nine coded
concepts were extracted after analysing the text, which are further grouped under nine
main categories: Selective manipulation, Form Transformations, Organization of
elements, Removal of elements, Addition of elements, Negative space, Axis, Function
and Geometric & Organic (see Figure 3.21 a). The category Selective manipulation
contains the highest number of coded concepts and indicates a kind of manipulation
where students have used selective features of concept form to manipulate. Form
Transformation is the second major category that involves the manipulation of the
complete form. It covers five subcategories: Divide, Scaling, Merging, Elongation,
and Blending. The third major category is the Organization of Elements that involves
the manipulation of form elements to obtain a good composition. Coded concepts
under Organization of Elements are categorized under three sub-categories:
Symmetry, Visual Balance and Arrangement in Space (see Figure 3.21 b). Two
manipulation categories deal with Addition of Elements and Removal of Elements in
the concept form. Manipulation with Negative space, manipulation in Axis,
manipulation for some Function and manipulation between Geometric & Organic

shapes are four categories that have very few coded concepts.
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Making it narrow, bulging, Giving dents, Wider length of
c"'“i"g top, Straight cut, upperiodv, Changinggsellgective Earts for base, Redgucing
C‘_‘"_m_‘g‘ Extending fut' bottom, Reducing width, Bent, Change in form, Sagged
Dividing shape, Taking a cut. more, More curve at bottom, Making it sharp, Different
| Reduction in shape, Reducing size. I width, Curvy at side & sharp on top, Changing form,
making it curly, lower chamfer or lower cut, clearance.

Geometric & Organic
\'m | | /

Merging | Selective manipulation |

Divide

Connecting forms

Make it stand, Hollow
space to hold bottle,

Form
Transformations

Elongating form,
Reducing curve &
elongating form.

Manipulation in Form |—-| Function

Blending curves
with patterns

Organization
of elements

Symmetry —-

Unsymmetrical shape, Removal of Addition of
pepnimetrical form Elements Elements

Visual Managing negative space

Balance

Balancing of curves
Arrangement in Removing ball, simplifying Hangs out, Lines to form, Addition of
space form, Minimize petal to 2 lines, introducing curves, adding
I Arranging elements in space or 3. small curvatures, wrapping around.
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Figure 3.21 (a) Network diagram for Manipulation in form key factor, (b) Hierarchical

diagram for Manipulation in form key factor.
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5. Possibilities

Possibilities factor represents all the possibilities that design students have explored
during the design process. Eighty-one coded concepts identified from the analysed text
are categorized under two main categories: Concept and Inspiration (see Figure 3.22
a). The main category Concept comprises of all the possibilities that students have
explored for designing their concept forms. Fifty-eight coded concepts under Concept
main category are grouped under eleven sub-categories: User, Smell, Function,
Elements, Feelings, Semantics, Form & Shape, Texture, Colour, Features, and
Approaches (see Figure 3.22 b). Inspiration is the second main category under
Possibilities, which covers coded concepts showing various possibilities explored by
students in terms of inspiration. Twenty-three coded concepts are identified from the
analysed text, which are further categorized into four sub-categories: Form & Shape,

Patterns, Texture and Type (see Figure 3.22 b).

6. Semantic Association

The key factor Semantic Association represents primarily the actions of design
students where they try to associate their concept form semantically with some other
object, person or phenomena to convey a particular meaning. Ninety-eight coded
concepts were extracted from the analysed text and categorized under seven main
categories: Natural Objects, Man-made Objects, Form, User, Smell, Texture and
Other thoughts (see Figure 3.23 a). Hierarchical diagram of the key factor Semantic

Association and its main categories are summarised in Figure 3.23 b.
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Can take form or can take Auditory, Um'.l'"g
function, Two approaches of form lea!urf.-, Hav'\ging bottle,
- & function, go in different .Mt?re ﬂerat.vo'ns, orange Any colour theme,
Form related to animals & directions, different ideations, inside, Addition of colours.
birds, Shape of flower plant, different from existing design. stand, Two fragrances Tactile, texture
apple shape, Possibility in in same container. for feel, porous
combining different forms, \ container.
shapes from nature.
Bottle like form, Sharp top,
| Approaches | | Features | | Colour Bottle is like petal but

Texture doesn’t look like one, Bottle
is like petal but doesn’t look
like one, not just edges,
Components, variation in
Inspiration I‘_l Possibilities Concept base, different forms, stand
Form & Shape like form, Unfolds in itself,
Only upper form,
asymmetrical cap, 3D form.

Patterns from nature

Textures in nature,
Texture over frog,
Texture of flower.

Patterns

User = i
Male or female, Smell . | I : — I | | Regular or exact shape,
Babies as user. - / Shapes of aesthetics of
Different resting positions, Number of Function Testure & colour rose, Refining of
?e‘:‘:’:::; Do'f::;i::';;’;’esbi‘::i:::"al Natural sources for premium feel, || Feminine with edges, shapes, Non-obvious
e 4 ¢ of smell, vapours. black stones for Container conveying shape, Fruit shape &
inspired by iceberg, Colour & number dark feeling. amessage of smell. perfume bottle, Whole
of petals, Sources of inspiration, small shape as container,
things for inspiration, Entire flower, Short, Different sizes.
Hour glass, Different inspiration, Many Usability, Opening, Addition of elements,
things to dissect. Removing petals by graphical veins on plane
petals, spraying, body, other elements to
Reusability, Product attract, contours with
usage, Bud as a part of harmony, Pores can be
mechanism. patterns.

(a)

Possibilities

Form & Shape

Semantics
Texture
Colour

(b)

Figure 3.22 (a) Network diagram for Possibilities key factor, (b) Hierarchical diagram

for Possibilities key factor.
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High school date, Female in a big
gown, female body with black keap,
comparison with food, Female &
flexibility, Perfume for occasion,
Unfolding, Premium feel, Men like
speed.

Villain, Enchanted sleeping
beauty & fairy tale.

Fast car, Girls frock, Smooth cloth that slips between your
hands, Royal look & Posh thing, Round like ball, Kind of
crystal, Round spherical flask, Kind of jacket, Keap, Kind of
corrugated sheets, Like a dress, Crystal, Like show flower,
Dancing girl, Glass, Soap, Paper weight, Objects with smell
or aroma, Small ball, Girl wearing a gown, Tube like

container.

Dew drop on leaf texture, Chillness &
glossy finish, Chillness & disappearing,
Rain slips off easily, Raw texture.

Memories generated from nature,
emotion of smell through shape,
message of flower in container, life of
product like life of flower, Exploding
like a flower, Peeling of petals,
unpeeling of flower.

| Man-made Objects I |

Textures I
Hard or soft, Maluma shaped form,

Obtuse form, Smoothness in form,
Cylinder figure of women, Flower

Other thoughts

haped container, subtle form, Dynamic
Semantic Associat Form 3 ’
lC OC' ‘OI'IS l——i—}/ shape, Bold, Aggressive form, Feminine

form, Users shape, Subtle shape.

User

ez

Natural Objects

Similar to cauliflower, Calm & smooth flavours from fruit &

Unisexual design, No sexual symbol,
Flowery & feminine, Men & Muscular,
Musk & masculine, Men &
aggressiveness, User characteristics,
Muscularity, Feminine, Bold feeling,
Proud feeling.

Smooth smell, Pleasant smell

or natural smell, Smell
connection  with  nature,
bursting of fragrances,

explosion of smell, Unpeeling
and unlayering of smell.

vegetables, Flowers, Chillness & disappearing in clouds, form
arrives from mountains, Sea inspired cold breeze, freshness, Sea
creatures, Lemon, Powerful black flower like mystique, Sting ray,
Bird, essence of mud, Rain , moist earth, roses, flower is
blooming and smell is spread across, Trunk, Big stones, Rock,
Core of flower, Pebble, Lemon spray.

(a)
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sa.m;xai
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(b)

Figure 3.23 (a) Network diagram for Semantic Association key factor, (b) Hierarchical

diagram for Semantic Association key factor.
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7. Experience

Experience is a key factor representing all the experiences that design students
considered while designing a product form. The text analysis extracted thirty-nine
coded concepts, which are further grouped under four main categories of Product
Experience, Users Experience, Past Product Experience and Past Experience with
Natural Form (see Figure 3.24 a). The main category Product Experience signifies the
experience that a user will have while using the product. Past Product Experience
consists of all the coded concepts that indicate the past experience of the design
students with similar kind of products (perfume bottles). Coded concepts related to
the past experience of design students with the natural form are grouped under the
category Past Experience with Natural Form. The category User’s Experience pertains
to coded concepts relating to any kind of experience that users have while interacting
with their environment (see Figure 3.24 a). The key factor Experience and its four

main categories are represented in a hierarchical diagram as shown in Figure 3.24 b.

8. Elements Extraction

The key factor Elements Extraction encompasses all the coded concepts related to the
activity of extracting visual elements from the inspirational form. Text analysis
resulted in the identification of forty-one coded concepts, which are categorized into
three main categories: Complete Form, Selective Elements and Patterns & Textures
(see Figure 3.25 a). Extraction of Complete Form includes the use of the complete
inspirational form for the product concept. In the extraction of Selective Elements,
students took selective features like some part, a curve or a particular feature from the
inspirational form. Extraction of Patterns & Textures represents the action of students
where they extract patterns and texture from the inspirational form. Figure 3.25 b
illustrates the branching out of key factor Elements Extraction into three main

categories.
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Better feel for product, Placing a container, Kinds of perfumes, cap & body, Bottle size, Basic

Usability of a product, Pressing of button, User’s shape, Location of different components in a

feelings from bottle, Feel its texture, Chill feeling, product, The way product is used by user, Glass &

Premium feel, Regular & simple form, whole perfume, regular shape, obvious shape,

body interact and sends a message, whole bottle unconventional form, Typical or classic kind of form,

act as flower, different layers, life of a product. conventional perfume containers, empty from
vertical, always a container, container.

Product Experience Past Product Experience

Experience

User'’s Experience Past Experience with Natural Form

Experience of user, Beach experience, Nice
feeling, feel the rose fragrance, feels aggressive

and beautiful, feel different or unique, never Blooming of flower, flower as metaphor
seen shape, different feeling and attraction. for smell, petals falling.
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Figure 3.24 (a) Network diagram for Experience key factor, (b) Hierarchical diagram

for Experience key factor.
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Exact shape, Taking

Taking patterns, Geometric
whole form, Using same

patterns, Different texture,

form, Shape from image, Patterns during unfolding,
direct form, direct shape. texture.

LY /

| Complete Form

Patterns & Textures |

Elements Extraction

Selective Elements

Extraction of droplets, Selective portion, Taking curve of petal, Taking that
cut, Taking dark part of eye, Taking curve, Body parts as shape, Sharp cut,
Selecting contrasting part, Shoulder part, Jagged edges, Antennas, edge,
Hair style for form, Small bristles, Gradation & wrinkles, Form out of
petal, Half body, Round thing, Subtle curves, Curves of petal, little bit of

orange form, curve, curly features, inverted shape of bud, spherical shape
of snail, eyes, beak, Veins.

(a)
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Figure 3.25 (a) Network diagram for Elements Extraction key factor, (b) Hierarchical
diagram for Elements Extraction key factor.
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9. Mapping

Mapping is the key factor that refers to the actions of design students when they try to
map various visual and functional features between natural inspirational form and
concept form that they try to develop. These features include Form, Colour, Texture,
Patterns, Material, Function and Behaviour. As a result, Ninety-three coded concepts
were categorized into above-mentioned seven main categories (see Figure 3.26 a).
While mapping Form, students mapped the entire form or some part of the
inspirational form with the concept product form. During Colour mapping, Colours
from the inspirational form is mapped on to the concept product form. Texture and
Pattern are the two main categories where students tried to map texture and patterns
from inspirational form to concept form (see Figure 3.26 a). The main category
Material comprises of the coded concept’s that indicates the innovative ways in which
different materials can be used in a product concept to get desired natural form or
natural effects. The function is a main category where the inspirational form or a part
of it is mapped to some function in concept form. Branching of the Mapping key factor

into its categories is graphically represented in Figure 3.26 b.

10. Judgement

Judgement signifies the decisions taken by design students during the process of
generating a concept. Ninety-nine coded concepts were identified under Judgement
key factor, which were further grouped under eight main categories: Form, Aesthetic
Experience, Inspiration, Utility, Concept, Function, Inspirational Elements, and
Others (see Figure 3.27 a). Judgements on Form are related to the choice of form and
manipulations to be performed on it. The main category Aesthetic Experience
comprises the decisions on the concept form made by design students based on their
aesthetic experience. Coded concepts related to the decisions on selection of
inspiration are grouped under main category Inspiration. The Concept category
contains the decisions taken by students on the development of concept form.
Inspiration Elements is a category, which has coded concepts that indicate the
decision of the students on the selection of inspirational elements. The categories
Function, Utility & Other consists of very few coded concepts. Figure 3.27 b represents

the hierarchical diagram of the key factor Judgement.
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Pebble shape, Petal shape on form, Entire flower, Inspired by swirl, Stem inside, buds on
carpel in hanging bottle, Form of head, Cap in pollen, Trails of rain drops, Carpel as head of
perfume, Sponge, Leaves to base, Entire flower as one bottle, Dough with a flat base, Clouds
can take any shape, Like closed bud, Part as base, Form is also like pebble, Inspiring form,
Slim thing having a base, One tiny leaf, Shape of tent, Central clearance, Similar to pen cap,

Star shaped, Using bent feature, Cap kind of thing, Shape to form, Bottom of from, Star shape Comfortable to hold, Volume of container, Subtle smell for
base, Combining form, Top part of form, Folded form, Flat & having ripple, Cap, Flower parts higher comfortability, Bulb to store, Stable form, Balanced, Buds
representing form of bottle, Upside down umbrella, Balloon sagging, Resting like a pebble, sprinkle perfume, Subtle smell, SS have qualities of chillness,
Horns as base & bottle in the centre, Smooth cylinder, Perfect sphere, Cap thing, Saggy like Pattern complementing smell intensity, Complementing form,
bag, Similar to cap, Components of a bottle, form like a pebble, Looks like crystals, Base, Similarity in function, Veins can hold perfume.

stem as nozzle, Stem shape for cover, Lower part as base, Opening for spray nozzle, Mouth of
bottle is following a curve, Trunk, Base, Lower part of flower as base, Standing form,
Opening, Eyes as opening, Covering on container, container and opening, head.

Giving function to a feature,
Using a feature for function,
Base for balance.

Bulged stainless steel SS,
Silicone has perforations,
Transparent central part,
Droplets on glass.

Transferring patterns from
strawberry to bottle, Patterns &
curve applied on form, Veins as

Behaviour

o patterns.
I Texture | | Colour |
Coffee texture on bottle, Green colour, Same
Smooth texture, Texture like colour theme, Red colour,
cluster of jasmine flower, Colour gradient, Green
Petals giving texture. colour is natural.

(a)

Mapping

Form
Coloyr
Texture
Patterns
Material

(b)

Figure 3.26 (a) Network diagram for Mapping key factor, (b) Hierarchical diagram for
Mapping key factor.
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Making it geometrical, Size & shape of bottle, Minimal form, More iterations, Taking
shape, Flatter base is required, Basis for form, Removal of top part, Wider base is
required, Non-functional, Go for full, Inspiration from petals because they are distinct,
Exact straight lines, Bulky shape, Base is working, Selective portion of head, More
curved, Form transformation, Bold kind, Rigidness, Position of eye, Geometric form
from organic inspiration, Balanced, Soft form, No breathing feelings, Nice simple form,
hidden, Removal of feature, Round over edgy, Takete form, different crack, giving 3D-
ness, more height, Oval bottle, Round bottle, make it curvy, More abstract, texture,
make it wavy, cubical but not sharp ,hint in form, literal, Dominant green, Organic
shape, Abstractive, Same size, Subtle form, shape out of form, change of keywords,
unique form, Smooth curve.

Sharp edges are not going well, Not really working, Not having a good
form, Better, Nice look, Not balanced, Not looks good, Unsymmetrical look
more good, Not looking nice, Not having much elements, Not nice because
of negative space, Not well, shape did not match, top portion is not with
the form, less usability and more aesthetic, Came out well, Doesn’t look
good, No restrictions, should not look man made, round or spherical shape
is not going well, looks heavy, should not be out of proportion.

Aesthetic Experience I

Not flowers, Pollen concept, Go with fruits,
No visual representation for steam,
Selected strawberry, Finalizing fruit, Plain
shape lily, good for perfume, Different
forms of jasmine, Phenomena from flower,
change of keywords, more explorations,
good inspiration.

Rose smell, improving
experience.

Inspiration Elements

| Concept |

| Function |

More curve is required,
Taking green part, one
petal, dominating
colour, green & brown
part.

Stance, non conventional, not Different purpose, Form
interesting. should have a function.

(a)

Judgement

Utility
Concept

(b)

Figure 3.27 (a) Network diagram for Judgement key factor, (b) Hierarchical diagram
for Judgement key factor.
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11. Triggers

Triggers represent the actions performed by the design students during the design
process to gain stimulation and new ideas to generate new product concept forms. A
total of nineteen coded concepts identified from the analysed text are classified under
Triggers, which are further branched into three main categories: Previous Concepts
Knowledge, Existing Product Search and Observing Previous Concepts (see Figure
3.28 a). All the coded concepts indicating the use of previously developed concepts to
create new concepts are categorized under the main category Previous Concepts
Knowledge. The main category Existing Product Search represents the search on the
internet for existing products to gain stimulation. The third main category Observing
Previous Concepts shows the students activity of observing previously developed
concepts to gain stimulation (see Figure 3.28 a). Key factor Triggers and its three main

categories are represented in a hierarchical diagram as shown in Figure 3.28 b.
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Target Users, Looking at previous concepts, Initial
inspiration to final concept, Reviewing previous
concepts, observation, changes in previous
concepts, using previous concepts.

Part with a cut, balancing, Balancing form,
Combining previous concepts, Balanced form,
Similar approach, Hybrid of two concepts,
Referring to keywords, recalling previous concepts.
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Figure 3.28 (a) Network diagram for Triggers key factor, (b) Hierarchical diagram for
Triggers key factor.
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Section b: Influence of eleven key factors on design process of design

students

Eleven hierarchical diagrams obtained in the previous section are combined into a
single diagram called a combined hierarchical diagram. This combined hierarchical
diagram contains all the core categories/key factors, main categories, and their sub-
categories that design students have considered while generating product forms
inspired by nature (see Figure 3.29). The central ring has all eleven key factors
Semantic Association, Experience, Inspiration, Morphological Observation, Element
Extraction, Strategies, Mapping, Manipulation in Form, Judgement, Possibilities,
and Triggers. The middle ring represents the main categories of each key factor. The
main categories of key factors: Inspiration, Morphological Observation, Strategies,
Manipulation in Form and Possibilities have sub-categories, represented by a third

level in the diagram (see Figure 3.29).

The combined hierarchical diagram is used to compare the key factors & various
categories considered by the participants during their form generation process (see
Figure 3.30) along with the concept sketches in Appendix 1 to 12 which is structured
as Subject-Task Number-Image Numbers e.g. F1-Task 2 - 4, 6 & 8. The key factors,
main categories, and sub-categories that are under the grey area are the ones that
participants have considered in their form generation process. The usage of each key
factor during the form generation process will help us to understand their influence

on the form generation process.
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1. Semantic Association

Considering the brief for the design task, (F1, F2, M1, M2, M4, M5, M6, M8, and M9)
have associated design concepts with Natural Objects. However, in the later stage of
the design process (F1, F2, F3, M4, M5, M8 and M9) have also associated their design
concepts with Man-made Objects. Such a deviation in the use of other semantics
associations to achieve family belongingness in the designed products is completely a

designer's free choice (Athavankar, 1989).

(F1, M1, M2, M4, M5, M6, and M7) considered Form as an important factor for
semantic association between source and product. (F1, M1, M6, M7, and M9) have
considered their Users and tried to associate the user's personality with product

personality.

2. Experience

An individual's Past Product Experience plays an important factor in influencing the
participants form generation process. These are varied and individualistic ranging
from past experience with the source, the product, the user or use as seen in the form
generation process (F2, F3, M1, M2, M3, M4, M6, M7, M8, and M9). For example (M1,
M2, F3, M7, M6, and M8) have recalled their Past Product Experience related to the
form of the product (basic shape of perfume container) and brought this experience to
their concepts (Appendix 4:M1-Task 1-4,18,20,31&43) (Appendix 5:M2-Task 1-
7,8,12&13) (Appendix 2:F2-Task 1-3). M7 tried a different approach of using non-
obvious shapes (Appendix 10:M7-Task 1-19&20). M3 introduces a hanging element in
his concept to enable storing a small quantity of perfume for spray testing based on
observation of user behaviour pattern (Appendix 6:M3-Task 2-4&6). Participants also
used their past experience during iterations on the different components of the
product. M3 has separated the cap and nozzle consciously by changing their location
(Appendix 6:M3-Task 1-8). F2 sought novelty making the container porous to
overcome the stereotype of a spray (Appendix 2:F2-Task 1-6,9,10,11,13&15).

The experience that a user feels while interacting with the product is Product
experience, the second most considered category by participants in their design
process (F1, F2, M2, M3, M4, M6, and M7). M7 uses a simple square form for the

container to provide a premium feel (Appendix 10:M7 Task 1-10). F1 suggested the use
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of jagged edges on the bottle so that the user can feel the texture of leaf (Appendix 1:F1-
Task 2-6).

Past Experience with natural form (source) was relatively an important consideration
in the form generation process (F2, M1, M5, and M6). F2 used the phenomena of
‘falling petals from flower’ to show that perfume is getting over in the different layers
of the bottle (Appendix 2:F2-Task 2-11).

3. Inspiration

A comparison of the usage of the Inspiration factor for Task 1 (excluding the
subcategory External Stimuli—Hibiscus flower) indicates that participants seek visual
inspiration for form generation from images and natural elements or any medium. (F1,
F2, F3, M4, M5, M6, M7, and M8) used a combination of the internet and their
memory in search and selection of inspiration. (M1, M2, M3, and M9) have used only
internet which indicates a preference for some visual stimuli among participants. This
matches with findings of earlier studies (Henderson, 1999; Muller, 1989; Eckert &
Stacey, 2000).

Referring to their respective images and sketches in Appendix, insights can be drawn
on the Inspiration Search and Selection behaviour. (F1, M4, and M8) relied mostly
upon mental images for inspiration (Appendix 1:F1-Task 1-7&11). M4 and M8 browsed
the internet only once (Appendix 7:M4-Task 1-2) (Appendix 11:M8-Task 1-4) and F1
only twice (Appendix 1:F1-Task1-5&17) during the whole design process. (M5, M6 and
M7) have searched images for each new concept (Appendix 8:M5-Task 1-1,3,6,7&10),
(Appendix 9:M6-Task 1-1,4,5,8,10,14&16), (Appendix 10:M7-Task 1-2,5,12,13,15&17).
F2 showed exceptional interest studying a video of a flower blooming to explore
motion for her inspiration (Appendix 2:F2-Task 2-1). Drawing upon mental images
(F3) fixes upon the keyword (Ice) to search for visuals on the Internet (Appendix 3:F3-
Task 1-1,9&11). M1 and M9 used only internet for their search and selection but there
is a diversity in their search approach which is clearly visible in images they searched
(Appendix 4:M1-Task 1-2,6,9,14,16,17,19,21,23,25,30,32,33,38,40&42) (Appendix
12:Mo9-Task 1-1,2,5,7,9,11&15). M2 and M3 also have used only internet but they
searched only one inspiration (Appendix 5:M2-Task 1-11) (Appendix 6:M3-Task 1-2).
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4. Morphological Observation

For both the tasks, Part, Form, and Pattern of Inspiration main category are the most
preferred sub-categories as seen in the choice of all participants: Part (F1, F2, F3, M1,
M3, M5, M6, M7, M8, and M9), Form (F3, M1, M2, M4, M5, M7, and M9), Pattern
(F1, F3, M2, and MS8). There are also other sub-categories, preferred by few
participants like Prominent Features (M1, M3, and M8), Phenomena (M3, M6, and
M8), Axis (F1 and M1), Texture (F1 and M9), Symmetry (M1) and Physical Properties
(M4). In Concept main category, the most preferred sub-categories are Form (F3, M3,
M7, and M9) and Features (M1, M2, and M5).

The Morphological Observation patterns of the twelve participants were analysed
using their concept sketches for the Hibiscus flower (Task 2). All participants have
carefully observed the different forms/parts/features existing in the flower and
sketched them before generating their concept forms. The details of features observed
and concepts generated under the different morphological feature/s, and the ratio of
morphological features used to that of morphological features observed are reflected
in Table 3.9. (F1, F2, F3, M2, M4, M5, M6, M7, and M8) have used the complete form
or whole form of the hibiscus flower while (F1, F3, F4, M2, M5, M7, M8, and M9) have
also used the petal as the form of container in their concepts. (M1, M5, M6, and M7)
took inspiration from the Calyx, (F1, M3, and M5) from the Carpel and (F2, M1, M2,
and M9) from the Stigma of the flower for their concepts. Only (M6) used the Sepal
and Anther in his concept.

Such Morphological Observation pattern focused on Whole flower and Petals can be
explained through the Koler’s theory on ‘hierarchy of order in compositions’ for visual
forms (Koler, 1994). If we relate the hierarchy of order in inspirational form (Hibiscus
flower) with the typical product form (Perfume container) we can understand this
pattern of Morphological Observation (see Figure 3.31). Koler refers to this hierarchy
of order in composition as Dominant, Subdominant, and Subordinate elements. The
dominant is the largest form with strongest character that holds an interesting position
in the composition, the subdominant has a stronger character and is smaller than the
dominant while the subordinate is smallest form that is complementary to dominant
and subdominant form/s. In Figure 3.31, Dominant form is bottle in the perfume
container and petals in the hibiscus flower, Subdominant form is cap in the perfume

container and Calyx in the hibiscus flower and Subordinate form is nozzle in the bottle
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and carpel in the hibiscus flower. While using the form of the whole flower as a
perfume container the participants will get a form with a predefined relationship
between dominant and subdominant form, which is clearly visible in their generated
concepts. (F1, F2, F3, M4, M5, M6, M7 and M8) have used the dominant form of the
flower (Petals) as the dominant form in their concepts (bottle) along with the

Subdominant form of flower (Calyx) as the cap of the bottle.

Some participants have used the subdominant form (Calyx) and subordinate form
(Carpel) of the flower as the dominant form (Bottle) in the perfume container. M1, M5,
M6, and M7 used subdominant form (calyx) as the dominant form (bottle) in their
concepts. F1 and M5 used subordinate form (carpel) as a subdominant form (nozzle)

in their concepts.

Few participants have used other smallest form in the flower (Stigma, Sepal, and
Anther) as their dominant form (bottle) in the concepts. F2 and Mg have used the form
of stigma in their concept as the dominant form (bottle) and M2 used the form of
stigma as a subdominant form (cap) in his concept. M6 used the form of Sepal and

Anther as the dominant form (bottle) in his concept (Table 3.9).

It is observed through these examples that there is an inherent tendency to search for
a hierarchy of visual order in the natural source. Participants who have used other
smaller forms from the flower as the dominant form (bottle) in their concepts, they
still followed the hierarchy of the order of a typical perfume container but with a shift
in the hierarchy of order in the observation of the smallest form. After all these
observations, we can say that one can play with the order of hierarchy to achieve
abstraction. If one follows the same order of hierarchy as that of inspirational form,
the designed product shows more resemblance with the inspirational form and if one
follows different order of hierarchy the designed product form seems to be more

abstractive (see Figure 3.32).
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- Subordinate form
- Subdominant form

" Subdominant form

— Dominant form

—— Dominant form

~ Subordinate form

Figure 3.31 (a) Hierarchy of order in perfume container, (b) Hierarchy of order in

Hibiscus flower
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Table 3.9 Concepts based on observed morphological features
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Table 3.9 Concepts based on observed morphological features
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Table 3.9 Concepts based on observed morphological features
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Figure 3.32 Spectrum of resemblance

5. Elements Extraction

Nine participants among twelve (F1, F2, M1, M2, M4, M5, M6, M7, and Mo)
considered Selective Elements as their most preferred subcategory in which (M1, M2
and M6) also preferred the Complete Form of flower (source) and (M2, M5, and M6)

preferred to extract from Pattern & Textures.

Element Extraction was observed to be an important key factor for the generation of
multiple concepts from a single inspiration. Participants freely navigate between
single source and combinations of the three sub-categories for multiple conceptual
solutions for form generation. M1 used Selective Elements for one of the concept
(Appendix 4:M1-Task 1-22&24) and used both Complete Form (Appendix 4:M1-Task
1-35) and Selective Elements (Appendix 4:M1-Task 1-36&37) for another concept. M5
has also used Selective Elements (Appendix 8:M5-Task 2-5) and Patterns & Textures
(Appendix 8:Mj5-Task 2-6) for one of his concepts. Similarly, M6 has also used
Complete Form (Appendix 9:M6-Task 2-2) and Selective Elements (Appendix 9:M6-

Task 2-6) in his process.
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6. Strategies

The use of the Strategies supports creative thinking, as they act as design heuristics.
These Strategies help participants to quickly gather visual information from an

inspirational form and explore the maximum number of possible solutions.

Indicated by the concept sketches of M1, M2, and Mo, a visual connection can be seen
between inspirational form and developed concepts (Appendix 4:M1-Task 1-14&15,38-
43,10-13) (Appendix 12:M9-Task 1- 5&6,11-14) and between a concept which is
developed from previous concepts through the use of these Strategies (Appendix 4:M1-
Task 2-10&11,12-14) (Appendix 5:M2-Task 1-6,7&8) (Appendix 5:M2-Task 2-
0&10,13&14) (Appendix 12:M9-Task 2-7&8).

Participants with no or less use of Strategies are found with less explored concepts
(Appendix 7:M4-Task 2-7) or generation of different concepts (Appendix 8:M5-Task
2-3-6) (Appendix 1:F1-Task 2-3-8) (Appendix 3:F3-Task 2-4-8).

We have also observed that Strategies work well with the use of 2D or 3D external
stimuli and don’t work with internal stimuli (mental images). The analysis of the
transcribed text for Task 1 of F1, F2, M3, M4, and M8 shows no or very less use of
strategies, as these participants relied mostly on mental images for the search of their

inspirations (Task 1 of Appendix 1,2,6,7&11).

7. Mapping

Mapping is an important key factor that includes the syntactic main categories of
Form, Colour, Texture, Patterns, Material along with Behaviour and Function. These
considerations enable creative ways to show an association of a concept form with its

inspirational source.

(F1, F3, M1, M2, M3, M4, M5, M8 and M9) show this association through Form
mapping between source and product. This is visible in the correlation between
features of natural form and components of the product (Bottle/Base, Cap/Head, and

the nozzle).

F1 in her concept for hanging bottle draws from Carpel and in another instance uses
the whole flower as source (Appendix 1:F1-Task 2-4) and (Appendix 1:F1-Task 2-8).

F3 has used petal and calyx as a source to correspond with the bottle and nozzle
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(Appendix 3:F3-Task 2-4) and in another instance the flower as a bottle (Appendix
3:F3-Task 2-7&8).

A similar approach can be seen in the concepts of M9 (Appendix 12:M9-Task 2-6&10);
M4 (Appendix 7:M4-Task 2-7) and M1 (Appendix 4:M1-Task 1-3,4&5) who later tries
to abstract the forms (Appendix 4:M1-Task 1-15; Task 2-2&3; Task 2-6,7,8,9&15; Task
2-10,11,12&14). Abstraction is also visible in other participants’ concepts (Appendix
5:M2-Task 2-14) (Appendix 12:M9-Task 2-7&8). This abstraction is not random
sometimes it could be intentional also like in the case of M3, where he preferred
geometric forms (Appendix 6:M3-Task 2-4,5&6). One can therefore attempt to
construct a bipolar spectrum of form variations ranging between less

abstractive/organic and more abstractive/geometric forms (see Figure 3.33).

Therefore, Mapping key factor acts as a medium between the source of inspiration for
co-relating syntactic, and conceptual aspects of the form with the targeted form to be
designed. Variations in form can be achieved following the organic-geometric
spectrum for abstraction. A prospective form generation tool to help designers

generate variations in product form concepts can be designed.
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Figure 3.33 (a) Inspirational form — Hibiscus flower, (b) Organic-Geometric Spectrum
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8. Manipulation in form

Manipulation in form is another key factor in the generation of a variety of creative
design alternatives. Earlier studies on the systematic form-giving process have
discussed the importance and application of manipulation in form for first-generation

and second-generation designs (Corremans, 2008).

Participants who have used Manipulation in form key factor in their design process
(M1, M2 & M4) are able to generate more design alternatives compared to those who
did not use them (F1, F2, M5 & M9) or used very few manipulations in their concepts
(F3, M3, M6, M7 & M8).

The identified categories and sub-categories of Manipulation in Form are seen to
confirm to Koler’s principles of form transitions and form organization (Koler, 1994).
However, the transcribed text indicates that participants followed these principles
partially and randomly. Participants also did not use bipolar spectrums while

manipulating their generated forms.

9. Judgement

Judgement is a key factor resorted into evaluation of source and generated concepts.
This evaluation is based on various factors that are grouped under Judgement as its
main categories. Evaluation of Form followed by evaluation of Aesthetic Experience
(M1, M2, M4, M5, M6, M7, M8, and M9) are the two dominating approaches for
Judgement. Some participants have also taken Judgements on Inspiration (F2, M2,
M5, M6, and M9) and Inspiration Elements (F3, M1, M2, and MS8). Very few
participants have considered Utility (M9) and Function (M3) during judgement.

10. Possibilities

Exploring Possibilities are about exploring direction for Inspiration and generation of
Concepts. The majority of participants (F1, F2, M1, M2, M4, M6, M7 and M9) have
explored both the main categories: Inspiration and Concept. Few have explored either

only Concept (F3, M3, and M8) or only Inspiration (M5) category.
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11. Triggers

It seems a natural impulse to search for Triggers by Observing Previous Concepts, or
search among Existing Products, or draw upon Previous Conceptual Knowledge in
seeking directions for solutions. Nine among twelve participants preferred at least one
of these three main categories, which interestingly concur with a ‘Designerly way of

knowing’ (Cross, 2006).

As the analysis of transcripts throw-up limited data, this section appears weak.
However, previous studies suggest that Triggers form an interesting strategy for
creativity (Goldschmidt, 1999). Developing strategies systematically for the three sub-
categories can enhance the generation of more design alternatives in the design

process.

Section c: Understanding the links between categories and overlapping

key factors

The process of generating product forms taking inspiration from natural forms is a
complex process. The eleven key factors that are organized in the hierarchical diagram
are not used in the same sequence as they appear in the diagram; students have used
them in a random way. The complexity of the cognitive process is also evident from
the occurrence of a sub-category under two or more main categories/key factors,
which leads to the overlapping of the key factors (see Figure 3.34). The sub-category
‘User’ of Possibilities is also the main category of Semantic Association (see Figure
3.27). ‘Selective Elements’ category of Element Extraction share similar qualities with
‘Selective Extraction’ sub-category of Strategies. The sub-category ‘Arranging
Elements’ of Strategies have qualities identical to that of ‘Arrangement in Space’ sub-
category of Manipulation in Form (see Figure 3.29). Therefore, the key factor
Strategies is a link between the two key factors: Manipulation in Form and Elements
Extraction. Similarly, Experience is a link between Morphological Observation and
Inspiration. Likewise, Judgement connects three Key factors: Inspiration, Elements

Extraction and Manipulation in Form.

This understanding of the links between categories and overlapping key factors leads

to the development of a framework (see Figure 3.34). Through this framework, we can
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theorize that there are eleven essential key factors in the process of generating nature-

inspired product form.
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Figure 3.34 The schematic graphical representation of the resultant framework from

the study (3b)

Among eleven key factors, seven key factors directly influence the form generation
process and the remaining four affect the process in an indirect way. The schematic
graphical representation of the resultant model/ framework of the underlying key
factors is significant since it is now possible to develop more open strategies in

outlining an approach to nature-inspired product form generation.

From our study we were able to identify the eleven key factors that influence the design
thinking process and propose a framework for developing approaches and strategies
for nature inspired form generation process. The categories in our study are grounded
in the data obtained from the twelve participants. There is a possibility of some new
categories to emerge if either design task or the participants are changed for e.g. novice
designers are replaced by expert designers. The present framework may, therefore, be

subject to certain modifications and refinement.
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Chapter 4

Discussions

Based on the four studies undertaken for our research, in this chapter, we discuss the
various factors and criteria that influence the process of form generation and how
these can be integrated into a referral framework. Based on such a comprehensive
perspective we propose and develop a Generative tool as an assisting guide in nature-

inspired form generation.

4.1 Development of the framework

Following the Nigel Cross taxonomy for our research, we conducted four studies
related to nature-inspired product form discussed in chapter 3. We have identified
from these studies, the various factors and criteria’s that are involved in the process of
nature-inspired form generation. The proposed framework is an amalgamation of the
findings of above mentioned four studies. Five criteria/essential requirements drawn
from study 1 form the basis for identification of five dimensions of the framework:
Technology, Observation, Semantics, Abstraction, and Creativity. As the evaluation of
ten methods in study 1 indicates adequacy of methods in relation to the five
requirements, these five criteria/essential requirements form five dimensions of the
framework. Fourteen core categories emerged from study 3a on professional designers
and eleven key factors emerged from study 3b with our experiment with design
students (see Figure 4.1). These categories and key factors are categorized under the
five dimensions graphically represented in Figure 4.2. All the findings were merged
into a unified framework retaining the same order of relationship of each dimension

to their categories and key factors under them.
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11 key factors that 12 senior masters
design students have considered in
their design process.

14 core categories/factors that are
responsible for the form generation
process of 5 selected designers.

Study (3b)
on approaches
followed by
design students

Study, investigate and
accumulate knowledge about
the process of designing
nature inspired product
forms

Study (3a)
on approaches
followed by
professional
designers

5 essential requirements for a design
method to generate product form
inspired by nature

Understanding of relationship between
perceptual similarity, form attributes
and abstraction

Figure 4.1 Four studies and their output
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We now explain the contribution of each dimension of the framework and its influence
in the form generation process. The use of such a graphical representation of the
proposed framework will help to give directions to design practitioners and design
educators. This will enable the designer to creatively use it as a framework for the
different contexts of design they are engaged in. It can suitably be adapted to develop
their own tool/method to generate novel and creative concepts of nature-inspired
product forms. The proposed framework is not a generalized model of a design
process. Rather it is to be used as a referral guideline for the design process in design
practice. Design educators could use it in the development of an advanced course on

nature-inspired form studies.

We discuss below each of the five dimensions in detail.

4.1.1 Technology

The Technology dimension represents the integration of technology at various stages
of the design process. Transformative processes and Inspiration are the two
categories that come under this dimension. Designers start their design process either
when they are inspired by a natural form or they search for an inspirational form in
their mind or physically from a medium like the internet. The search for inspiration
starts with emotion words. Finding an inspiration with related emotion word depends
completely on the training of the designer. Technology can make this search more
systematic and easy through software packages and databases. During initial stages of
the form generation process designers need Visual Stimuli. In such situation
technology can help them to gather more visual information of inspirational form by
using instruments like 3D scanner, Digital cameras, and electron microscopes. Use of
such instruments also helps to discover new forms which are not visible to the naked
eye. Special cameras for slow-motion and time-lapse videos can help a designer to
explore more variety in the type of visual stimuli. Through these videos, designer can
closely observe the behaviour of an organism or any other natural phenomena more
precisely, which is a limitation with two-dimensional images. Technology can play an
important role in Transformative processes. Designers can perform various
simulations and can test their designed product form for manufacturability. A very
good example of the use of technology in the field of nature-inspired design is
generative design which uses principles of nature to find optimum solutions of
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engineering design problems. The products designed by generative design software
packages like DreamSketch are more optimized in terms of functional design but they
may not be aesthetically appealing and expressive (Kazi, Grossman, Cheong, Hashemi,
& Fitzmaurice, 2017). On the other hand, products that are designed by following the
principles of design are not functionally optimized (Rao, Vishwakarma, & Saxena,
2019). Principles of form generation are different from the principles of engineering
design. It would be a great support for industrial designers if the software can create a
form that is aesthetic as well as structurally optimized. Combining the principles of
design with the principles of engineering design is a challenge for researchers and

software developers that can be explored in near future.

4.1.2 Observation

In our framework Observation is a necessary skill for learning. In Observation
dimension, one can focus on the development of tools and methods that can assist
designers in observing natural forms or improving their observation skills required to
observe natural forms. Morphological observation/attentive study of natural form,;
Laws and principles in natural form; and Necessary conditions for observation and
mapping, are the categories that come under this dimension. The morphological
observation/attentive study of natural form can be supported by the vast body of
biological knowledge of plant and animal morphology. A designer must be trained to
observe various form attributes of natural form that are discussed in study two along
with laws and principles in a natural form which are highlighted in the third study of
the research. Once a designer is aware of these attributes, principles, and laws, he/she
can easily identify them in a natural form and can translate them into design concepts.
In future, one can conceive of a situation where machines can be trained to do that

using Artificial Intelligence (Figure 4.3).
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Figure 4.3 Illustration representing use of Artificial Intelligence to observe principles and

visual cues in natural form

Prolong observation of natural form and being in its close proximity are necessary
conditions for observation of minor details of natural form. To observe every detail of
the natural form the designer should remain in close proximity of that form. Therefore,
it is preferred to introduce real inspirational natural form in the design process rather
than images. If the use of real form is not possible then designers can experience that
form virtually using technologies like Virtual Reality (VR). Design
practitioner/educator must explore different methods to enhance the engagement of
designer/design students with the natural form for its attentive study. In our fourth
study of this research it is clear from the findings that students did not observe the
principles of nature completely. Use of colour and curves of natural form was common
but they ignored other principles. Some tools or guidelines can assist a designer in
observing various aspects of natural form and can also help to apply that observed
information into form generation process. One of the interesting findings from our
study 3b is Mapping. In this, students try to map their observed visual information of
inspirational form with that of product form. This approach produces very quick and

creative results. We expect that the outcomes of an in-depth study of this phenomena
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in future may lead to the development of some tools or design heuristics that may

reduce the time and efforts that one spends in the form generation process.

4.1.3 Semantics

Semantic dimension explores the association of meaning of a natural form in the man-
made world. It is not only about understanding a natural form but also its association
with people and places. Mental conception; Symbolism; Pleasure and emotions; Art
and Semantic association, are the factors that fall under this dimension. A designer
must explore all the possible semantic associations of selected natural form. More
number of associations will increase the chances of getting a strong association and a
strong association will have a greater influence on the user. Symbolism is significance
of natural form in the man-made world. It is more related to cultures and geography.
The literature on people and culture may help a designer to understand this
significance. Mental conception, which is the embodiment of idea or conception of
natural form into the form of an existing object, gives a new experience to the user.
Through this experience, users can relate a product form with natural form.
Identification of ideas/conceptions and their application in the product form are very
important aspects of mental conception. A designer can take inputs from the
Observation dimension and can apply those inputs while working under the
Abstraction dimension. Natural forms can influence human pleasure and emotions.
Dresser (Dresser, 1862) suggests that a designer can design pleasurable forms by
following hints of nature with an inward passion. One way to achieve this is through
Art which can help designers to avoid direct imitation of form. An artistic perspective
in the form generation process can help a designer to create a product form that
displays a harmony with nature. In the semantic dimension, the recorded observations
are synthesized. Design educators/practitioners often face challenges in enhancing
metaphoric understanding of natural form, identifying the visual cues related to
particular emotions, and transfer of those visual cues from natural form to product
form during form generation process. However, there are few methods that involve
use of cue charts (Teubner, 2008) and metaphoric means (Hekkert & Cila, 2015) but
there is scope to explore more methods that can integrate metaphoric understanding
with identification of visual cues. These can help transfer of visual cues during form

generation process.
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4.1.4 Abstraction

Abstraction is drawing out the essential qualities from an object or a situation (Hale,
N. C. (1993). In the context of our framework, Abstraction is about extracting essential
qualities of a form and reduction of visual information in the generated concept form.
The Abstraction dimension deals mainly with element extraction and their
manipulation in form generation. It involves exploring possibilities, strategies, and
judgement. In designing product forms inspired by nature, designers must generally
avoid direct imitation of natural form and should practice idealization or abstraction
of the natural form. New ways of extraction of visual elements and manipulation of
form may help them to achieve abstraction while staying connected to the natural
inspirational form. Based on our earlier findings from study 3b, for element extraction,
we suggest that a designer can extract either from the complete form or only from
selective elements therein. A designer can also focus on patterns and textures present
in the natural form. The results of our earlier study 2 have explained the relationship
between perceptual similarity, form attributes, and abstraction. It has also been
explained how abstraction can be controlled through the proposed spectrum of bi-
polar limits. Designers can develop such spectrums in their design process. The
findings of study 3b display a clear relationship of abstraction with order of hierarchy
and mapping and the manner in which one can control abstraction across the
spectrum. It may be noted that if the hierarchy of order in product form is similar to
that of inspirational form, then the product form is less abstractive and if it is less
similar than the product form is more abstractive. Mapping of features between
inspirational natural form and generated product form while following organic

geometric spectrum can help to achieve and control abstraction in a product form.

For manipulation of the form, we suggest designers to use the principles of form
generation and form analysis outlined by Roweena Reed and Akner koler, whose
pioneering coursework on form studies forms an important input in many design
schools across the world (Hannah, 2002) (Koler, 1994). Designers may focus on
combining these principles with the extracted elements to generate form. In our
research one of the finding of study 3b under the core category: ‘manipulation in form’,
indicates the partial and random usage of principles of form generation by students

during their design process. In such situations a design tool may provide a systematic
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way of generating a form by utilizing maximum number of principles. Such a design

tool may also hold promise in the future for developing new CAD systems.

4.1.5 Creativity

The dimension of creativity takes care of the creative aspect of conceptual solutions.
Various definitions of creativity in design research deal with novelty and
appropriateness/usefulness of designed products (Sarkar & Chakrabarti, 2011). In the
context of our current research, we are focusing on artistic creativity where the criteria
of beauty dominate appropriateness/usefulness (Piffer, 2012). Therefore, aspects of
novelty and beauty are the core component of creativity for nature-inspired product
forms. Quantity of conceptual solutions is one of the basis for measuring novelty
(Shah, Vargas-hernandez, & Smith, 2003). Our study 3a and 3b revealed three
conceptual categories that basically contribute towards generation of large number of
conceptual solutions - Knowledge of previous work, Modes of externalizing ideas and
Existing product search under Triggers. Design educators/practitioners must find
new ways of generating large number of conceptual solution that can be integrated
with the form generation process. Morphological analysis (Hsiao & Chou, 2007),
creative wheel (Shende, & Das, 2018) (Jorgensen, Kjeldsen & Lenau, 2013), and design
heuristics (Arbor, 2016) are among few of them. Inventing new tools/methods that can
use knowledge from previous work or concepts may lead to an increase in the number
of conceptual solutions. Different modes of externalizing ideas like sketching and
model making must be explored by design educators/practitioners because the brain
processes and assimilates lots of information during these tasks that lead to idea
generation (Tovey, Porter, Newman, & Street, 2003). One of the direction could be the
integration of CAD software with conventional form generation processes. CAD
software are usually used during detailing process in the final stages of product
development. The benefits of high computing power and ability to generate complex

form can be utilized at early stages of form generation process.
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4.2 Development of a generative tool

As an empowering medium for form generation, the framework outlined earlier is used
for the development of a generative tool. It is a design tool that offers a systematic and
logical approach in the generation of a product form inspired by nature. This ‘pen and
paper’ based form generation tool may be useful for practising designers and for design

educators offering a course on nature-inspired form generation.

The tool is based on five dimensions of the framework. It comprises of three response
sheets that will guide a designer through different stages of the form generation
process. These sheets are used in a sequential manner. Data from sheet 1 and 2 are

used as inputs for sheet 3 (Figure 4.4).

Generative Tool

Sheet Sheet Sheet

Figure 4.4 Block diagram of the generative tool

Response sheet 1 for stage 1 covers the three dimensions of the framework:
Technology, Observation, and Semantics. The subcategories of these three dimensions
are covered under each item of sheet 1 as shown in Figure 4.5. Sheet 1 guides a designer
to collect information about inspiration using different sources and instruments such
as books, internet, microscopes, and digital camera. The recorded information is in

the form of texts and sketches which is used in the third stage of the process.

Response sheet 2 for Stage 2 is adopted from graphical data collection tool of study 2
which was used for visual analysis of the products. This sheet also covers the
observation dimension of the proposed framework as shown in Figure 4.6. The

observed visual cues and form attributes of the natural form are recorded in sheet 2.
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The observation can be marked on the left-hand side of the sheet under each form
attribute and designers can use the blank side of the sheet for sketching. Later

designers can use this sheet as a reference for sheet 3.

Response sheet 3 for Stage 3 is an extension of the concept of form attribute controller
proposed in study 2 which can help a designer to perform and control abstraction. This
sheet basically covers two dimensions of the proposed framework: Abstraction
dimension and Creativity dimension, graphically represented in Figure 4.7.
Information from sheet 1 and 2 are also used in this sheet during the form generation
process. As a result, it also covers Observation dimension. In this stage externalization
of ideas take place which can provide better opportunities to integrate artistic
perspective in the design process and therefore it also covers Semantic dimension with

art category.

As an application of the generative toolkit, we demonstrate the three stages of the form
generation process taking two examples - The ladybird beetle and the mango leaf as
the source of inspiration from nature in generating product concepts for a lighting
device. These are included as Appendix 13a, Appendix 13b and Appendix 13c for
example 1 (Ladybird as the source of inspiration) and Appendix 14a, Appendix 14b and

Appendix 14c¢ for example 2 (Mango leaf as the source of inspiration).
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Figure 4.7 Development of sheet 3 based on the framework
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4.2.1 Limitations of generative tool

In our experience of application of the Generative tool we also experienced that the
respondent may find it difficult to select a form attribute while responding to the
different attributes in the third response sheet. We see that sometimes the selection of
an attribute can cause contradictions with previously selected attributes. For example,
it may be noted that in concept two of the first design, it is not possible to select
transitional or rotational symmetry because of the attributes that were selected earlier.
Similarly, in concept three of the first design under attribute number 10: type of
organization of elements, the only option left is static organization but due to earlier
selection of attributes, it is not possible to arrange elements in a static organization.
Therefore, attribute 10 is left blank in concept 3. In concept two of the second design,
selection of dynamic organization and type of symmetry is not possible due to the

attributes which were selected earlier in sheet 3.

We, therefore, suggest that in the use of the Generative tool one may use it as a referral
guide and not necessarily cover all the attributes sequentially. If the selection of an
attribute creates certain contradictions it can be left out using one's logical reasoning

and judgement.

The proposed tool is our first attempt of a generative approach to control abstraction
and it may have its limitations. Based on further application one may make refinement

and appropriate changes to the tool in the future.
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Chapter 5

Reflections on the Research Outcome

In this chapter, we revisit the basic assumptions and objectives that we set out to
inquire. The outcome of the four experimental studies on the study of processes,
products and people helped to outline a referral framework of understanding the
various dimensions of the form generation process. This led us to propose a generative
tool as an assistive guide in controlling, manipulating and transforming the product
form. As is evident the processes developed clearly lean towards a mode of inquiry that
is systematic, and one that enables a designer to know where in the design process one
is able to generate variations to the product form. These studies point towards a
systematic approach that has a design science temper underlying the process. It
answers one of the objectives of our research that set the goal of seeking a systematic
approach to the form generation process. This objective seems to have been adequately

met.

We reflect taking an overall view of our research and discuss our understanding of the
hidden science/s behind the nature-inspired form generation process to make some

critical observations on our research.

5.1 Introduction

The motivation that triggered this research was the criticisms that designers face in
their approach to design product forms inspired by nature. It was strongly implied that
the approach adopted by designers was not ‘scientific’ in their approach to the design
of nature-inspired product forms. Researchers argue that being inspired or just
imitating a natural form, texture or colour is not nature-inspired design. A true nature-

inspired design should have nature’s science in it.
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This set the roadmap for identifying if this argument was indeed true or a myth. It

formed the basis in formulating our two research questions viz.

e Can there be a systematic approach to inquire into the process of generating
nature-inspired product forms?

e Can the process of generating a nature-inspired product form be systematized?

In our journey to explore the possibilities of systematic design research and systematic
design practice for the process of generating nature-inspired product forms, we found
the hidden science behind the nature-inspired form generation process. While
examining the methods and tools used by biologists and designers to observe natural
forms, we could identify and concur that ‘Goethean Science’ showed considerable
similarities with the designers’ process. We saw it worthwhile to make a critical
comparison between these two processes. In the section to follow, we first outline the
Goethean Science process and then drawn critical comparisons with our findings from
the four studies conducted in this research. Following this, we discuss three aspects —
design science, science of design and scientific design by positing their significance
and relevance to the studies we have conducted. This would help to establish that there
is indeed a rigour of a design science underlying the process of nature-inspired design

processes followed by designers.

5.2 Goethean Science

In 1790, Johann Wolfgang von Goethe, first studied morphology, the study of form
and structure of an organism (Kaplan, 2001). He followed a unique phenomenological
method he called “delicate empiricism” which means “The effort to understand a
thing’s meaning through prolonged empathetic looking and seeing grounded in
direct experience” (Seamon & Zajonc, 1998). Goethe’s method is unique because it is
a link between the artistic and scientific domain. His observation method involved the
use of all five senses. The four stages of the Goethean phenomenological method for

the morphology of an organism are:
(i) Stage one: The physical/sensory information/Earth

Stage one, referred to as Earth stage, is the preconceptual phase of research. It involves

an exact description of the phenomenon of form and structure, through observation
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based on the gathering of information from all the five senses. These descriptions
characterize the plant in ways that capture the many qualities apprehended by the
senses in terms of its external facts. In earth mode, the researcher should experience
oneself as an external observer separate from the organism. It is a difficult phase
because one must see things clearly and in an unprejudiced way, which requires

mental discipline.
(i1) Stage two: Time/exact sensorial imagination/water

This stage of research is about understanding and experiencing the organism’s time
dimension and its growth process. It is about perceiving the dynamically relational
character of the organism and understanding how one quality derives from the other,
one part from another e.g. relationship between seed and stem. It involves
understanding the continuity of these organs not only in space but also in time. It is
about not only perceiving moments externally but also taking them within, it implies
perceiving them with our inner or artistic sense. Goethe called this process of cognitive
participation in organism’s generative movements as “exact sensorial imagination.”
The qualities of fluidity, sensitivity, and capacity to experience the changes of living
form are used as expressive of the movement of a form through time and of

imaginative cognition.
(ii1) Stage three: Gesture/inspiration/air

In this stage, metamorphic movements are perceived as formative gestures which are
also called as organisms “formative life-principles.” The ideas behind the formative
movements of the organism are apprehended through “airy cognition.” This phase
requires a deeper participation in phenomena through an inner or artistic faculty and
these inner perceptions are brought to outer expression, as “Gesture sketches” through
a suitable medium like visual, verbal, or even musical. The approach requires less
realistic and more expressive art forms. The mode of cognition associated with the air
phase is called “Inspirational.” These gestures of organic forms are not perceived as
empirical facts or movements in time, but one has to inspire them with artistic

cognition to allow their meanings to surface.
(iv) Stage four: Creative potency/intuition/fire.

The gestures obtained in the third stage are further distilled by intuitive mode, which

is another mode of observation. This stage is the most inner way of experiencing the
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organism, and intuitive perceptions can be expressed through any medium capable of
transmitting potent meanings like art. Intuitive perception is thinking from the whole
to the part. This is the fire stage. The fire has the character of intensity and self-
generated activity. These qualities are experienced externally as warmth and internally
as the immediate warmth of identification that one feels when one has made contact
with a living being’s inner impulse. Poetry and paintings can be used as a way of

actualizing this fire stage.

5.3 Designers approach and Goethean Science process — a

comparison

When we compared our findings of study 3a on designers with four stages of Goethean
phenomenological method, we found that there are much similarities in the designers’
approach and Goethean phenomenological method. Table 5.1 shows the core
categories from study 3a that share similar characteristics with the four stages of the

Goethean phenomenological method for the morphology of an organism.

Table 5.1 Core categories from study (3a) having similar characteristics with the stages of

Goethean Science

Four stages of the Goethean
phenomenological method for the
morphology of an organism

Core categories/design factors from
study 3a

Stage one: The physical/sensory
information/Earth

(1) Inspiration, (2) Observation, (3)
Necessary conditions,

Stage two: Time/exact sensorial
imagination/water

(4) Laws in natural forms, (5) Principles in
natural forms,

Stage three: Gesture/inspiration/air

(9)Art, (11) Modes of externalizing ideas,

Stage four: Creative potency/intuition/fire

(6)Manipulation in natural forms, (7)
Mental conceptions, (8) Symbolism, (10)
Pleasure and emotions,
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This similarity of designers’ approach with the Goethean Science is explained based
on the similar characteristics of core categories of study 3a with the four stages of

Goethean phenomenological method/Goethean Science.
Stage one:

e This stage of Goethean Science involves an exact description of the
phenomenon of form and structure, through observation based on the
gathering of information from all the five senses. Designers observe and study
natural form to identify new forms, natural growth patterns and shapes in
nature. During this process, they use their senses to collect information about
the natural form and record their observation through sketches which is very
similar to the approach adopted by biologists. For biologists, sketching the
observed organism is an important mode of recording observations and it has
been practiced in both the early phases of morphology (Goethean science) and
in modern methods, which includes the combination of illustrative methods
like line drawings, stick diagram, and ground plan. For designers, sketching is
an integral part of the design process and a mode of ideation.

e The mind plays an important role in the observation process adopted by both
designers and biologists who follow Goethean Science. Goethe, suggest that one
must see things clearly and in an unprejudiced way, which requires ‘mental
discipline’. Whereas Dresser states that to appreciate the delicacies of form and

line, ‘Refinement of mind’ is required.
Stage two:

e In this stage of Goethean Science, biologists try to understand and experience
the organism’s growth process. It is about not only perceiving moments
externally but also perceiving them with our inner or artistic sense. Designers
also follow a similar approach by understanding various laws and principles in
nature on which organisms grow. Plants follow these laws and principles in
their development phase. Through these laws and principles, a designer tries to

understand the order and harmony involved in the growth of an organism.
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Stage three:

e In this stage of Goethean Science, metamorphic movements are perceived as
formative gestures which are also called as organisms “formative life-
principles”. Designer Mackmurdo also suggested a similar approach in which
the independent role of “formative imagination” can help to avoid transcription
of nature.

e This stage of Goethean Science requires a deeper participation in phenomena
through an inner or artistic faculty and these inner perceptions are brought to
outer expression, as “Gesture sketches” through a suitable medium like visual,
verbal, or even musical. The approach requires less realistic and more
expressive art forms. Due to their professional training designers understand
the link between art and nature. They support the use of art forms like

impressionism for expressing ideas.
Stage four:

e During this stage of Goethean Science, the gestures obtained in the third stage
are further distilled by intuitive mode, which is another mode of observation.
Intuitive perception is thinking from the whole to the part. Designers display a
similar behaviour during ‘Manipulation in natural forms’ where they modify the
observed natural form by idealizing it, adding forms of exceeding beauty or
performing abstraction.

e This stage is the most inner way of experiencing the organism, and intuitive
perceptions can be expressed through any medium capable of transmitting
potent meanings like art and poetry. Designers believe that nature has a direct
link with human sensuality, pleasure and emotions. They follow a similar
approach like Goethean Science to experience the organism by understanding
mental conceptions related to natural forms. Their intuitive perceptions are

expressed through product forms by following practices like symbolism.

Johann Wolfgang von Goethe is generally known for his poetry and literature and very
less for his scientific work. This could be one of the reasons for his unique approach
that display a link between the artistic and scientific domain. As a result, Goethean

Science always remained controversial. His approach challenges the common
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paradigms of positivist, scientific methodology and still a topic of debate often
contested among several scholars. However, there are several scholars and
practitioners of Goethean science that support Goethe’s scientific studies and his way
of science (Bortoft, 1996; Goodwin, 2000; Seamon & Zajonc, 1998)
(https://medium.com/age-of-awareness/zarte-empirie-goethean-science-as-a-way-

of-knowing-e1ab7ad63f46).

Based on these studies we considered Goethean Science as a way of science that can
connect artistic (Design) and scientific domain in a very unique way especially in the
context of our research work. The similarities in designers’ approach and Goethean
phenomenological method /Goethean Science support the fact that there is a science
behind the approach of designers for generating product forms inspired by nature and

it is not completely non-scientific.

5.4 Relationship between design science, science of design

and scientific design in reference to the current research

Structuring our research while following a design science approach founded on Nigel
Cross taxonomy has helped us to co-relate various design and science relationships
that exist in our research. In the section to follow below, we discuss these relationships
referring to the definitions of scientific design, design science and science of design

discussed by Nigel Cross in his book ‘Designerly ways of knowing’ (Cross, 2006).

5.4.1 Scientific Design

“Scientific Design refers to modern, industrialised design — as distinct from pre-
industrial, craft-oriented design — based on scientific knowledge but utilising a mix

of both intuitive and non-intuitive design methods” (Cross, 2006).

As discussed in the previous chapter the four stages of the Goethean phenomenological
method for the morphology of an organism display a close resemblance with the steps
followed by designers during their design process. The way in which Goethean
phenomenology is followed to observe a natural form, to describe a natural form,
understanding its growth process, and producing results through expressive art forms

is very similar to the approach that designers usually follow while designing nature-
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inspired product forms. Designer’s approach not only utilizes scientific knowledge of
Goethean science but also involves the use of both intuitive and non-intuitive design
methods. Therefore, referring to the definition of Nigel Cross, we think designer’s

approach can be considered as scientific design.

5.4.2 Design Science

“design science refers to an explicitly organised, rational and wholly systematic
approach to design; not just the utilisation of scientific knowledge of artefacts, but

design in some sense a scientific activity itself” (Cross, 2006).

The research framework based on the Nigel Cross taxonomy was found to be very
useful for conducting an organized and systematic inquiry for our design research.
This taxonomy provided a strong foundation for a ‘design science approach’ to

understand the design process of generating product forms inspired by nature.

5.4.3 Science of Design

“science of design refers to that body of work which attempts to improve our
understanding of design through ‘scientific’ (i.e., systematic, reliable) methods of

investigation” (Cross, 2006).

Each of the four studies of the research framework that were carefully planned and
conducted seems to follow the concept of Science of Design which improves our
understanding of the design process through scientific methods of investigation
(Figure 6.1). The comparative study of methods, three-dimensional analysis of
products, and qualitative study on designers and design students were conducted

using well established scientific methodologies and experimental protocols.

5.4.4 Unification of Design Science and Science of Design for Design

Research

Study 1 on methods and study 2 on products contributed towards a systematic
approach to design. Five essential criteria of study 1 became five dimensions of our

framework and the relationship between perceptual similarity, form attributes and
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abstraction from study 2 helped us to control abstraction in a systematic and more

logical way (Figure 6.1).

Study 3a on professional designers and study 3b on an experiment conducted with
design students helped us to accumulate knowledge about the design process. Study
3a gave us fourteen core categories/factors that are responsible for the form
generation process of five selected designers. Study 3b gave us eleven key factors that

twelve design students have considered in their design process (Figure 6.1).

Thus, the research framework based on the Nigel Cross taxonomy has supported our

design science approach which ultimately helped us to achieve our aim of the research.

Study (3b)

on approaches Study 1
followed by design Review of existing
students methods

(Science of Design) (Science of Design)

Accumulation of

knowledge about the — Systematic approach

. to design
design process Study (3a) Study 2 ’
on approaches Three dimensional
followeq by visual analysis of
profgssmnal nature inspired
__ designers product forms —
(Science of Design) (Science of Design)

Figure 6.1 Contribution of four studies towards the aim of the research

5.4.5 Relationship between Design Science, Science of Design and

Scientific Design that emerged from our Design Research

Through these arguments, we say that Design Science, Science of Design and Scientific
Design can practically co-exist in Design Research (Figure 6.2). In our research, we
have formulated the aim of research and objectives of individual studies based on the
design science approach. We have detailed out the methodology for each study
following the concept of science of design and finally, we have designed a generative
tool that utilizes both intuitive and non-intuitive design methods along with scientific

knowledge that contributes towards scientific design.
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Graphically represented in Figure 6.2 below, such a design research approach can be
adopted in a more general manner for various kinds of design research in which design
science can help to formulate the aim and objectives of the research, the concept of
science of design can help to plan and conduct each study. Design science and science
of design both are part of experimentation. The outcome of the research can take the

form of scientific design which will form a part of the research output.

Design Research

(Science of
Design)

People Aim of research Method/Model/

Framework/Tool

(Science of
Design)

(Design Science)

(Scientific Design)

Products

Research
outcome

(Science of
Design)

Experimentation

Figure 6.2 Relationships between scientific design, design science and science of

design in a design research
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Chapter 6

Conclusions

In the concluding chapter, we sum up our research, drawing conclusions of the
achievements that our research has achieved, some of the limitations of our research,
and possible scope of directions for the future in which design research on nature-

inspired product form could be further directed.

6.1 Concluding remarks

Form-making/form giving/styling is a special class of design problem that involves a
mix of rigorous analysis and creative problem solving (Athavankar, 2009) (Person et
al., 2016). It is often the case that researchers mix issues on function and aesthetics,
particularly for organic design or nature-inspired design which is also reflected in the
criticisms included in the first chapter. Motivated by such criticisms, we started our
journey on nature and form. We found that form giving activity for nature-inspired
products is not explored much in the available literature and we decided to take that

direction.

On one side we had systematic methods by the scientific community and on the other
we had methods and approaches followed by designers that are more intuitive. In the
middle of ‘science’ and ‘design’, we decided to follow a designerly way of knowing. The
creative act of nature-inspired form generation is very complex and therefore, we

explored it holistically from three perspectives: process, product, and people.

The current research work does not try to make the process of generating nature-
inspired product form a scientific process. It is an attempt to explore this phenomenon
through a scientific lens. The findings of this research will help to make this creative

activity more systematic and not scientific.

Our research framework based on Nigel Cross taxonomy guided us in a systematic

inquire into the process of generating nature-inspired product forms. In this inquiry,
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we used scientific methods for exploration under each individual study. This
addressed our first research question. The generative tool based on the proposed
framework in chapter 4 is an attempt for a systematic process of generating a nature-
inspired product form that addressed our second research question. The four studies
of the research framework helped us to gather knowledge about the phenomena from

three perspectives which was the aim of our research.

At this point, one may argue that our findings on science/s in nature-inspired design,
covered in chapter 5, tries to seek if there is indeed a scientific temper underlying
creative activity. It is pertinent to clarify that our research did not set out to prove that
the act of creating nature-inspired product forms generation is scientific. The findings
of chapter 5 have emerged as a result of critical observation after conducting our
studies. It was like solving a puzzle. When the findings from different studies were
placed together we could see a pattern. Although we never aimed for it, the findings
seem to point towards an underlying science to the process. As researchers, we want

to report it as an important observation from this research.

6.2 Contributions of research

The novelty of this research lies in its planning and execution. This adds up new
knowledge to the design research domain that offers new opportunities to explore. It
opens up new discussions and deliberations for the community of design researchers
and design educators. In our view, there are six key contributions from our research.

These are summed up below.

6.2.1 A framework for the process of nature-inspired form generation.

As an outcome of the research aimed at seeking a systematic process of inquiry into
the processes of nature-inspired product form generation for industrial designers/
educators, a structured ‘proposed framework’ emerged as one of the key contributions
of our research. It was formulated as an outcome of four studies following a ‘T’
structure of inquiry on approaches and methods. This gave strength to our inquiry,
combining lateral width with vertical depth, to understand various factors involved in
the process of product form generation inspired by nature. Identification of these key

factors and their sub-categories of the framework formed the foundation on which we
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could outline and propose a Generative tool for nature-inspired product form
generation that could guide and assist designers and design educators to a structured

and systematic manner in exploring product from generation.

6.2.2 Generative tool to systematise the process of generating product

forms inspired by nature

The design & development of the generative tool is the second contribution of the
research. In our view, such a generative tool has not been formally developed earlier
in such a systematic and orderly manner. When compared to the conventional
intuitive methods where the designer takes a decision on the form attributes based on
his/her intuition the generative tool assists a designer to decide on form attributes in
a systematic way. It gives the whole process a definite direction, transparency and
logical reason in knowing how and why the ‘visual form’ is what it is. The process
combines a fine balance between the lateral creative thinking process with deep logical
reasoning. The outcome in proposing a generative tool perhaps adds a novel way of
looking at the form generation process. While such attempts are no complete answers
to our understanding of the mysteries of the thinking mind, it at best contributes as a
guide towards a ‘designerly way of thinking’. It enhances our understanding of
underlying structures of the mysteries of the complex and creative processes in form
creation, so essential and desirable for the profession of design. This generative tool
can systematize the process of generating a nature-inspired product form that answers

our second research question.

6.2.3 The framework of research based on Nigel Cross taxonomy

The third contribution is structuring our research following a design science approach
founded on Nigel Cross taxonomy. In our view, this is a novel attempt in the field of
design research. The strength of the research framework based on Nigel Cross
taxonomy lies in its holistic approach that can help a researcher to investigate an
unexplored research area from three different perspectives: Processes, Products, and
People. To the best of our knowledge, such an approach to apply Nigel Cross taxonomy

as a research framework has not been attempted earlier. It highlighted the scope for
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introducing a systematic approach to study the process of generating nature-inspired

product forms and hence answer our first research question.

6.2.4 Methodology and experimental protocol for three-dimensional visual

analysis

The fourth contribution of this research is the methodology and outline of the protocol
for nature-inspired product analysis. As a part of this methodology, we developed a

graphical data collection log sheet/graphical data collection tool.

Graphical data collection tool for three-dimensional visual analysis — The graphical
data collection tool has been specifically developed to collect visual information on
perceptual similarities during this research and can be used in two different forms for

future works.

e It can be used directly in research studies involving the study and assessment
of three-dimensional visual analysis of the perceptual similarity between the
source in nature and the target product form.

e In research studies related to the study of nature and form, the data collection
tool can be modified suitably into an observation sheet to systematically collect

visual information or visual cues of natural form under study.

6.2.5 Bringing out the hidden science behind the nature-inspired form

generation process.

This contribution of the research has subsequently emerged from our observations
and readings. Our studies bring out the hidden similarities between designers’
approach to design nature-inspired product forms and Goethean phenomenological
method/Goethean Science. In our opinion, this strongly defends the designers
approach against certain criticisms of following a non-scientific approach. This implies

that there is indeed a science behind the nature-inspired form generation process.
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6.2.6 Research explains the relationship between design science, science

of design and scientific design in design research.

The sixth and last contribution is the explanation on various relationships between
science and design that exist in our research. Following the research framework
structured on Nigel Cross taxonomy, we demonstrated how different aspects of our
research took the form of design science, science of design and scientific design
separately. We have also discussed how these three are linked to the design research
and the way they can co-exist in the design research. This approach of design research

can also be applied for future researches.

6.3 Limitations

This research is a bigger project that includes four different studies, and it was
impossible to cover every aspect. Due to the limited time and resources, this research

has its own limitations which are discussed below.

There is no single standard way to design product forms inspired by nature. Many
well-known designers have developed their own unique methods for this creative
activity based on the experience gained with time and years of design practice.
Sometimes due to the confidential reasons of the industry, these methods are not
published anywhere on digital or print media. The act of nature-inspired form
generation is practised by many professional designers and educators across the world
but there is not much reporting on this process. Due to this, there has been a limitation
in finding published literature on the design process for generating nature-inspired

product forms on the internet and print media.

The products included in study 2 for visual analysis have specified three-dimensional
natural inspirational sources. Many times, designers are inspired by some concepts in
nature and not any specific three-dimensional natural form e.g., fractals, patterns in
nature, etc. Designers use these concepts very creatively and they also combine two or
more concepts and forms together to generate an abstract form. The visual analysis of
such forms is a challenge and may need further work. This ‘open’ scope for such
variations will need to be explored for the different context. Perhaps the present

framework and generative tool may prove limiting.
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Due to the limited time and the qualitative nature of research, we have collected data
on five well-known designers. In future, data from more designers can be collected

which may lead to the emergence of new core categories/key factors.

Study 3b was limited to novice designers as subjects and was focused on one type of
design task (design of perfume bottle). If the design task is changed or if the
participants are different e.g. novice designers are replaced by expert designers, then
there is a possibility that some new categories may emerge and which might lead to

certain modifications and refinement in the proposed framework.

6.4 Future scope

This research opens up new opportunities to extend the current work further in a
number of ways. In the near future design, researchers can conduct a systematic study
to test the proposed generative tool with professional and novice designers. The
findings of this study will help to make this generative tool more adaptable and usable.
The tool in its current version has three sheets each dealing with a different type of
information. The tool can be improved to speed up the design process without putting

much cognitive load on the designer.

Design educators can use the proposed framework to prepare an advanced course on
‘nature-inspired form studies’ as a part of their design curriculum. They can introduce
principles and laws of visual form in nature such as the law of radiation from the
parent stem, law of tangential curvature of the lines and principle of order; repetition;
and alternation, etc. as discussed in our study 3a. This could constitute the theoretical
inputs for the course. Based on these they can develop a series of creative classroom
assignments to encourage the use of these laws and principles in the form generation
process. This will sensitize students in three-dimensional visual analysis of natural

form.

Future research endeavours can combine Artificial Intelligence and Machine Learning
with the design process. Where computers can help designers in the form generation
process by providing immense information about the natural form which is difficult
for a human mind to remember and process. The advance version of such machines
can also learn the design styles of the famous designers like Luigi Colani and Ross

Lovegrove and can generate new product forms based on the consumer requirements.
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One can also explore the dimension of customization where a consumer can decide the

form attributes that one wants in a three-dimensional product form.

This research also opens up new doors of opportunities in merging nature with design.
The current research is focused only on the three-dimensional form but in future, one
can integrate biological studies with the design processes. Findings from the studies
on animal behaviour and natural phenomena can be integrated with design processes
for creative solutions. The scope indeed is very broad. It will have to be contextualized

and pursed with clearly set objectives.
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Appendix 1 Inspiration images and concept sketches of F1 for
task 1 and task 2
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Appendix 2 Inspiration images and concept sketches of F2 for
task 1 and task 2
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Appendix 3 Inspiration images and concept sketches of F3 for

task 1 and task 2
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Appendix 4 Inspiration images and concept sketches of M1 for

task 1 and task 2
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Appendix 5 Inspiration images and concept sketches of M2 for
task 1 and task 2
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M2-Task 1
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Appendix 6 Inspiration images and concept sketches of M3 for
task 1 and task 2
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Appendix 7 Inspiration images and concept sketches of M4 for

task 1 and task 2
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Appendix 8 Inspiration images and concept sketches of M5 for
task 1 and task 2
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Appendix 9 Inspiration images and concept sketches of M6 for
task 1 and task 2
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Appendix 10 Inspiration images and concept sketches of M7 for
task 1 and task 2
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Appendix 11 Inspiration images and concept sketches of M8 for
task 1 and task 2
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Appendix 12 Inspiration images and concept sketches of M9 for
task 1 and task 2
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Appendix 13 a: Sheet 1 of example 1

Sheet 1 for Animals/Birds/Insects/Micro-organisms

I. Visual Stimuli

VI. Identify different sub forms and their arrangement that exist in natural inspirational form
and record your observation.

Source: Author
Instrument: Canon 600 D with 100mm
macrolens

coccinellidae-beetle-1271964/

https
vine-ladybug emerge-leaves 983195/ beetle-insect-macro-743562/

First-Ever Look at the Intricate Way Ladybugs
Fold Their Wings | National Geographic

Ladybird Beetle

1. Explore all the possible Semantic Associations of product with natural and man-made objects.

* Elegant lighting, Artistic touch, Stylish, Playful, User’s Statement.

11 Explore the significance of selected natural form in man-made world.

* They protect plants by eating tiny pests and small insects that feed on plants.

* It's a sign of good luck if one lands on your hand or seen in your home.
* Word ‘lady’ in ladybird is referred to Virgin Mary based on a story.

IV. What are the mental conceptions that people have for the natural form.

Source: Author
Instrument: Canon 600 D with
100mm macro lens

! https://www.youtube.com/watch2v=pmeérz_9YXOg

VIIl. Observe the colours for transition of form

There is a clear change in colour with 3
strong contrast of black with red as form
changes from Pronotum to Elytra.

However, there is not much change in the
colour between form of head and Pronotum.
Both the forms are black in colour.

* All ladybirds are red with black spots which is not true, there are other species which are

yellow, brown, orange pink and some species don’t even have spots.

V. What pleasure and emotions does that natural form evokes,
« Joy, love and Trust

IX. Observe the behaviour of natural form

Pronotum

Head

Elytra

Different behaviours of the
inspirational organisms

Inspirational organism

Form analysis
(Observed changes in the form of
inspirational organism)

Related keywords for Product
Personality or Product Attributes

Ladybird / Ladybug Defense behaviour / survival
technique:

They play dead

They stop and roll.
They reduce their form by pulling their legs
back towards body.

Their colour and markings is also a defense
mechanism against predators.

Hard, uncomfortable, Serious,
Still.

Locomotion

They walk and fly in search of
food

While walking the whole form of the body is
balanced on legs. Where as while flying All
the sub forms are in open fashion away from
each other.

Walking — Balanced, Showy

Flying — Speedy, Agile, Dynamic,
Showy
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Appendix 13 b: Sheet 2 of example 1

1. Form category.
-
Ut Pansr
form
e P Sk

Planar
form

Planar Satd
torm

Unese-san

[ =\

2. Primary Geometric Volume or Surfaces / Shapes ?

e Primary geometric
volume - Ellipsoid

Primary L ] o o) (o] o] o)
eometric 1 rectangul. riangular
volumer el cyinger R s SR ——
Surface/ o] O
Shape Circle fellipse Square/Rectangle Triangle 9 Sub-dominant
element - Ellipsoid
© Dominant element - Ellipsoid
3 Sub- & Sub-ordinate \
Vohumes -
b
(Spod  Cfider  Cone Rectangier Tiongior  Pyomid Teushadron Nepstie  Goupol | Pumem G/ Sauarel  Trange
v “ohmerCube | pram v o— e octang

Dominant [ ] o O o
sub-dominant @ o o0 o
Sub-ordinate O o o© o

4. type of Primary, Secondary or Tertiary axis

Primary axis

5. Conditions expressed by axis

O

Secondary axis

o (o] o] o @ ©°
o [o] o o o ©
o 0 o] ®@ o o©

Tertiary axis

O (]

o o
o o e Dominant element — Pattern
(o] (o]

e Sub-ordinate element —
Group of elements

| Tertiary axis [4]
1
Curved axis condition )

1
6 Curved Axial movement

o Secondary axis o

Directional axial 1

axial

Straight axis Bent axis Curved axis
condition condition condition
6. Type of Axial movements
0O L ] O (@]
Simple straight Curved axial Compound curved Continual axial
axial
7. Type of Axial relationships
o O o O (o]
Continual Radial Oblique

Oppositional Parallel

e Circular segment

© sipticalsegment

8. Types of Curves

Gesture
relationship

66 -7‘;\~
N, h ,—\

Gesture relationship
A ] /
o Reverse (Uneven)

[ ] o o] [ ] [ ] o e} o) o )

Resting

Circular Spiral Reverse  Eliptical Reverse  Trajectory  Parabola  Hyperbola  Supponting
segment (Even) segment  (Uneven)
9. Types of Transitional forms
® ] @) o
Divide Adapt Merge Distort
feature feature feature feature
10. Type of Organization of elements
Static Dynamic Organic
organization organization organization
11. Types of Patterns
o] Q o o} [ o]
Branching Meandering Spirals Helices Tessellations Explosions
patterns patterns

12. Types of symmetries

)

Translation Symmetry

TH-2769_156105010

Reflection Symmetry

] o]

Rotation Symm

o Adapt feature

® © owide feature -
e N\
/

Organic feature
(Convexo-concave)

Dotted

@ Reflection Symmetry

@ resseitations

@ Organic Organization
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Appendix 13 c: Sheet 3 of example 1
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Appendix 14 a: Sheet 1 of example 2

Sheet 1 for Plants

1. Visual Stimuli

one-green-mango-fresh-1761465/

mango-leaves natural-2832932/

hitps://pixabay.com/photos/mango-tree
young-growing-fruit-3158013/

Source: Author Source: Author

1I. Explore all the possible Semantic Associations of product with natural and man-made objects.
« Elegant lighting, Artistic touch, Stylish, User’s Statement, Image of Nature.

11l Explore the significance of selected natural form in man-made world.

* Hanging mango leaves at the entrance of house is an age old tradition followed by Hindus in
India. It is believed that it will protect their home and family from evil spirits and negative energy.
Associated with many gods in India.
Significant element in Buddhist art.
Symbol of love and fertility.
Symbol of attainment.

IV. What are the mental conceptions that people have for the natural form.
+ Leaf with lanceolate shape.
* Younger leaves are of copper colour which changes to dark green as they grow.

V. What pleasure or emotions does that natural form evokes.
*  Feeling blessed, Fresh,

TH-2769_156105010

V1. Record your observations about the Laws that exist in natural forms

Law of radiation Law of proportionate Law of tangential
from the parent stem distribution of the areas curvature of the lines
.~ e

Source: Author Source: Author Source: Author

I

VII. Record your observations about the Principles that exist in natural forms

Principle of order

Principle of proportion

Source: Author

Spiral arrangement of leaf

Source: Author

VIIl. Colours for transition of form

g

Source: Author .

Source: Author

Source: Author
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Appendix 14 b: Sheet 2 of example 2

1. Form category.
@ rormcategory - elipse Dominant element -
o i elliptical surface
s rimary geometric
e surface - ellipse
e UnearSolid
o Toon
Urese e bt
o

soig
= A fom
Plona-Soid
torm

2. Primary Geometric Volume or Surfaces / Shapes ?

Primary o o [ ] o] o] e] o
geOmetric  wipsoid / rectangular  iangular
volumes sohere cvlinder one e i pyramid  tetrahedron
Sub-ordinate
Surface/ [} [e] (o] element - Pattem
Shape Circlefelipse Square/Rectangle Triangle
—— J
Viohumes Surtaces. A
L Primary geometric Sub.dominant
Wiowid/  Crieder  Cone Reciaogiar Tiangdar  Pramid Tewsedron  Neiie Gowol Pattem  Croel  Squwel  Trsnge volume —Cone element - Cone
iphere voksme/Cube  prism ehements  elements hgne  Rectangle
Dominant o ©o 0o o o o © o 0o o @® o o
Sub-dominant O c @ o o o o © o o o o ©° (D vivectional axial movement
subordinate O c o © o) o ] c o @ o o o ith Curved - Bl

* Primaryaxis
4. type of Primary, Secondary or Tertiary axis

@ o o]

Primary axis Secondary axis Tertiary axis

‘Secondary axis with
ent axis condition ,
\

+"Secondary axis

S. Conditions expressed by axis

o [ @

Straight axis Bent axis Curved axis
condition condition condition

6. Type of Axial movements

Simple straight Curved axial ‘Compound curved Continual axial Directional axial ' !
axal axial

7. Type of Axial relationships © organicteature

o [ ] o O [ ]

‘Oppositional Parallel Continual Radial Oblique

O

Gesture
relationship

A
8. Types of Curves

@ (o] (o] (o] [ ] (e} o] L] o} o

[ >

Gircutar spral  Reverse  flipical  Reverse  Trajectory  Parabola  Myperbola Supporting  Resting
segment (Even) segment {Uneven) ' X
N
9. Types of Transitional forms a—— Hyperbola
0 (o] . O . e Reverse (Uneven)
Divide Adapt Merge Distort Organic
feature feature feature feature feature

Circular segment

10. Type of Organization of elements

Static Dynamic Organic :
organization organization organization @
Organic Organization

11. Types of Patterns h
(I‘\ \ Branching ‘;m,'r';::“" Z,
[ ] (o) (0] (o] [ ] [e] O | v, | pattems ymmeny
Branching Meandering Spirals Helices Tessellations Explosions Dotted ’ /
patterns patterns — /

A7,
yod,

12. Types of symmetries

] ® (o]

Translation Symmetry Reflection Symmetry Rotation Symmetry Reflection

@ Tessellations Symmetry
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Appendix 14 c: Sheet 3 of example 2
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