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Abstract

Design inspired by nature has been known as biomimicry or biomimetic design that
is believed to transform human technologies into a sustainable status through

translation of biological models, systems, and processes.

Considering energy efficiency as one of the aspects of sustainability in the concept

of bio -inspired building design, the problem was how to access the solutions best
matched to the design problem. Variou s tools for finding existing knowledge from a
different domain are described but as yet there appears to be no tool for allowing
building designers to access the efficient ways found in nature of producing energy,

using energy, and recycling resources.

Wha't the research investigated was to find if it is possible to develop a generalised
thermo -bio -architectural (ThBA) framework by use of which architects would be
able to improve the energy performance of buildings in a wide range of climates,

by following a systematic process that methodically connects design thermal

challenges to thermal adaptation principles used in nature.

The ThBA was developed by studying biology to find how thermal regulation
strategies used by living organisms can be classified and g eneralised. The proposed
ThBA was confirmed and evaluated before it was used for the rest of the research.

The biological part of the ThBA was assessed by biological experts within a focus
group session. Having the ThBA confirmed, the research also investi gated how the
heat transfer principles in buildings can be articulated to be linked to the generalised
thermal adaptation strategies in nature. For this, a series of case studies were
selected and for each an energy simulation was run to analyse its therma

performance and identify its thermal challenges.

Then, the ThBA was used to introduce innovative solutions for improving the thermal
performance of the case studies with big energy use to reveal unexpected
technigues or technologies. This, however, nece ssitated its reconfiguration so as to

be useful for architects.

Testing the ThBA for two extreme climates in New Zealand, highlighted the fact that
the simple translation of the majority of biological thermal adaptation principles are
being used by architects, although for some, the architectural equivalents did not

function in exactly in the same way as biological thermoregulation strategies. The
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differences were seen either in the central thermoregulatory principles or the
broader properties within which the key principles fitted. Apart from that, for both
architectural and biological thermoregulatory strategies the heat transfer
parameter and methods were the same. Given tha t, in a context where biomimicry

is understood as the imitation of complicated thermoregulatory solutions in nature

for which innovation is evolutionary achieved , the term biomimetics seems to not
have a place in the context of bio -inspired energy efficien t design considering the
current state of technology. The ThBA, however, suggested a few strategies that
might address opportunities for designing a new generation of buildings in the future

This implies that the ThBA is more useful for researchers than a rchitects.
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1 Introduction

1.1 Introduction

This introductory chapter provides the contextual background, scope, problem,
significance, and hypothesis of the research. It starts by positioning the research in

the broader context of climate change and its possible effects on the performance

of future buildings through imposing substantial changes in their patte rns of energy
use. It continues with introducing biomimicry as one of the emerging frontiers of
architectural design that has promised ecologically sustainable development and
technological innovation by suggesting solutions for improving energy efficiency

The chapter concludes with the necessity for the proposed research by outlining the
research problem. This chapter also provides a visual summary of the contents of

individual chapters in the thesis.

1.2 Climate change a nd building performance

The recent growing concern about climate change has been raised in different

disciplines. The evidence show sthat the pace of global warming will shortly exceed

that behind the worst case scenarios predicted for 2003 and 2005 (Roaf et al., 2009,

p. 2). The effect of human -induced global warming has even contributed to recent

heavy precipitation events  (Min et al., 2011) . Given that greenhouse gas emissions

are one of the factors that affect the future of climate change (Carter et al., 2015) ,

and conside ring buildings as huge consumersofenergy ( St oj i | j koviald et
thus one of the largest contributors to the increa se in greenhouse gas emissions,
designing energy efficient buildings should make a substantial difference in climate

change mitigation

Climate change is known as one of the planetary boundaries which seems to have
been crossed. The concept of planetary bo undaries was proposed by
environmental scientists in 2009 , focusing on conceptualising the relationship
between human ity and nature , and this linksto the concept of the Anthropocene
defined as the period inwhich ~ human activities have been the main drive rs of global
change . The debates around the pace of environmental change have meant the
possible benefits of sustainable development have become the centre of attention
(K. Brown, 2017). Increa sing the energy efficiency of buildings is one strateg vy

suggested for climate change mitigation (Newman et al., 2009, p. 64)

al



Research shows that global warming will continue growing if measures and policies
are not passed by authoritative organisations or met by influe ntial industries (Y. Chen,
2015). Many countries have set out policies and initiated research for control ling and

mitigat ing the potentially excruciating effects of climate change on human lives.

The increased attention being given to the concept of a low carbon future seems
to be behind national -scale programs such as CarbonWatchNZ in New Zealand that
focuses on the whole country carbon balance through measuring greenhouse
gasses in the atmosphere (NIWA, 2019). The temperature increase is expected to
affect several aspects of building performance andt his will happen throughch ange

in the patterns of energy consumption.

1.3 Building performance from the standpoint of energy

use
The raising of environmental awareness has been described as the primary reason
for developing the concept of building performance -based design (PBD) (Hens,
2016). The concept of performance was first introduced by Blachere (1965) and led
to its introduction in building  (1972) defined by the International Council for Building

Research Studies and Docume ntation (CIB) Commission (Foster, 1972).

Building p erformance can be evaluated from the three perspectives of 1) the
requirements of the occupants, 2) economic sense, and 3) environmental
performance (Leaman et al., 2010) . The latter explains and evaluate s the
characteristics of buildings with regards to their environmental impact and from the
perspective of energy and material flows (LOtzkendorf et al., 2005) . Therefore, one
of the approaches to improving the environmental performance of a building is to

reduce its energy use. Reduction in energy consumption seems to be a significant
requirement for future building design as buildings consume 40% of total global

energy consumption  (Sustainable Buildings and Climate Initiative (SBCI), 2009)

From another point of view, building performance relies on climatic conditions and
building physics (Y. Chen, 2015). Regarding the latter, greater disassociation
between indoor and outdoor conditions necessitates more rigorous building
performance requirements as it leads to consuming a great deal of energy to keep
the internal environment comfortable. This shows the importance of building physics

as a means of reducing whole building energy consumption.



Bearing in mind the climate change effect on building performan ce, the notion

emerges that 0 Bui | di n @ ang hsypsténtaalsto quantify related performance

requirements ii s at the forefront (Héns, B0i6, PrdfacelgThe nnov at i
idea that innovation is essential for achieving sustainability (Duncan, 2000) , presents

a new perspective  on investigating innovative solutions for designing energy

efficient buildings, improving their environmental performance, and ultimately

mitigating climate change disasters.

1.4 Nature offers innovative solutions for energy efficient
building design

Technological innovations can increase the energy efficiency of energy -consuming

systems (Herring & Roy, 2007) . In the same context, biomimicry has been recognised

as an innovative design approach for improving energy efficient design (Lurie-Luke,

2014; Radwan & Osama, 2 016, pp. 45 -46; Pedersen Zari, 2018, p. 45) . As Angela

Nahikian of Steelcase stated:

ONature is constantly innovating, endlessly experi  menting and ever reinventing itself
in the face of new challenges. From materials and products to business models,
biomimicry offers a fresh lens for all the dreamers and doers remaking the man -

made wo (ThedBiomimicry Institute, 2019) .

One of the benefits of adopting biomimicry principles in the construction industry is

the potential reduction in global warming . It seems that nature uses low energy
processes (Oguntona & Aigbavboa, 2018) and this suggests the presence of
numerous examples of biological organisms which ¢ ould be explored for the energy
efficient processes they use to  inform innovative solutions for solving human design
problems. It has also been suggested that Biomimetic design might provide
opportunities for creating a shiftin ~ the co nventional ways of design (Vincent et al.,
2005).

1.5 The importance of access to relevant biological
information

Several tools and methods ha ve been developed to enable design -by -analogy in

different disciplines . Designing such tools for translating data is significant as

between any two distinctive fields of knowledge, the distance from analogy,

modality of representation, and expertise affect s the outcomes of bio -inspired

design (Fu etal., 2014).



The points mentioned in 1.2, 1.3 and 1.4 highlight the benefits of providing access to
biological information . Considering biomimetic  design as a cutting edge field of
innovative technology that promises sustainability and energy efficiency for the built
environment, investigating the possibility of developing a system for connecting
architecture and biology that would suggest innovativ e biologically based energy

efficient solutions for improving the energy efficiency of buildings, seems important.

The usefulness of the system also needs to be evaluated as OFor the last thirH
inmuch ofthe English -speaki ng wor | d éurselhes whethesweisupgprt o

a proposal or initiative, we have not asked, is it good or bad? Instead we inquire: Is

it efficient? (Quwtd0@9).productive?d

1.6 Problem statement and hypothesis

While there is evidence that shows biomimicry can improve the energy efficiency of
buildings, there is no system for connecting biology and architecture. Accepting the

fact that transition of knowledge from one fi eld to another needs a procedure, in
the design of bio -inspired energy efficient buildings there seems to be a need for a

system to link the two different fields of knowledge.

The design approach taken in existing bio -inspired energy efficient buildings is
metaphoric and non -methodological. Considering technological innovation and
sustainability as the two main promises of biomimicry, bridging the gap between
architecture and biology ¢ ould improv e the energy consumption of future buildings

and thus be part of constructing a low carbon future.

Given th is situation, this research set s out to investigate the po  ssibility of developing
a systematic process for designing bio  -inspired energy efficient buildings . The aim is
to improve the current state of the bio -inspired design approach from a non -
systematic, random -based selection of biological solutions that seems to be built on
the pre -existing knowledge of biology, to a system for methodologically identifying
relevant biological energy efficient strategies , based on the thermal challenges

identified through the evaluation of the energy use patterns of a particula r building .

1.7 Thesis structure

This thesis starts by highlighting the problem in accessing biological information ,
which seems to be significant for  designing bio -inspired energy efficient buildings

Addressing the problem, Chapter 2 provides an introduction to biomimicry. Chapters

4



3 and 4 continue the literature review by investigating the contribution of biology to
the embodied and operational energy of buildings. Reviewing the literature reveals

the current gap which is explained in detail in Chapter 5 . Chapter 6 describes the
research design, methods, the main research questions and the necessary steps that
should be taken to answer the research guestions . Chapter 7 deals with investigating
the thermal challenges in  five case stud y office buildings in New Zealand. These
thermal issues then feed into a framework known as the thermo -bio -architectural
framework (ThBA), which is developed by conducting a comprehensive literature
review on biological thermal adaptation strategies in Chapt er 8. The ThBA isthen
evaluated and confirmed by experts in biology as it needs to be reliable in order to

be used for designing energy efficient bio -inspired buildings. The assessment of the
ThBA and how this was achieved is  explained in Chapter 9 . Chapt er 10 describes
how the thermal issues found in  Chapter 7 can be used as inputs to the ThBA to
connect them systematically to relevant thermal adaptation strategies in nature. It

also describes the level of innovative solutions the ThBA suggest s. Chapter 11
concludes the research and addresses the research questions and future research

areas. The structure of the thesis is shown in Figure 1-1.



° Number of chapters

|:> Phase 1
The current state of

biomimicry in architecture

:> Phase 2

Procedure for designing and testing the
thermo-bio-architectural framework based
on a case study building

|:> Phase 3

Investigating the possibility of developing a
framework for improving the energy
efficiency of office buildings and testing its
usefulness

:> Phase 4
Answering the research question

Figure 1-1 Thesisstructure



2 Introduction to Biomimicry

2.1 Bio-inspired design: its origins and background

Design inspired by nature or biology is often referred to as biomimicry. The word biomimicry

is the combination of biology and mimicry. Mimicry is derived from the Greek word ~ mimesis
which relates to the concept of mimos andrefersto 6t he act aytostmblatetebi | i
appearance of someone oMarslsalb & edzdva, A099) e The Angient
concept mimos literally means 6 a c t orrsdmething or someone representing life.
However, in the context of architectural design it tends to mean copyin g aspects of

natural organisms.

The term biomimicry was first coined by Janine Benyus (1997) in her book Biomimicry:
Innovation Inspired by Natur e. Since then in research , the terms B iomimicry , Bionics, and
Biomimetic, have been used interchangeably. Biomimetic is involved with artificial
mechanisms created to produce materials simila rto ones that existin nature  (Reap, 2009) ,
and is thus different from bionic desig  n, which consists of taking control of nature (Wahl,
2006) and which seeks to resolve engineering problems using data related to biological
functions (Reap, 2009) . Much earlier and before the term biomimicry appeared Papanek
(1974) argued that bionics i s related to cybernetics and Vogel (1998) claimed that it
focuses on artificial intelligence. In contrast, biomimicry is primarily focused on aspects of

built environment sustainability (Wahl,2006) and i mi t ating na(@Reap,2009. ef f i ci

Janine Benyus argues that looking at nature and imitating its existing models, systems, and

processes could solve design problems in a sustainable manner (Benyus, 1997, p. 40).

Pawlyn (2 011) suggests biological organisms can be considered as embodying

technologies that offer sustainable solutions. She also recommends focusing on the

functional aspects of biomimicry rather than morphological imitations of biological

samples. Technologic al innovations and sustainability criteria are also seen as interrelated

aspects of biomimicry as Rao (2014) explains: 0 bi omi mi cry uses an ecologic
judge the sustai nabi | Biomynicrytiasbeenmarguehtmservedano manm s 6 .

purposes: innovation and sustainability =~ (Pedersen Zari, 2012) . Bar-Cohen (2005) stated that

biological processes have also been acknowledged as being of ar isatpduman

innovations.

Biomimicry is not a new design approach. The origin of biomimicry or biologically inspired

design can be traced back to Leonardo Da (Réhinci 6s f



& Nachtigall, 2015) , and later the bio -inspired style of Art Nouveau (1890 -1910) was
manifested in both architecture and the visual arts (Harris, 2012, p. 213). Looking at these
former examples of bio -inspired design, it seems both were mainly focused on the formal
aspects of nature, with little attention being paid to imitating the functional principles of

natural organisms (Pohl & Nachtigall, 2015) . This issue was addressed by Nachtigall (2010)
in hisBhbhowokk 6al s WBiaisseas Sciertte. fAs later suggested by  Pohl and
Nachtigall (2015) , this was the book in which the technological applications of na tural
principles were probably taken into account for the first time, and where the fundamental

idea of Biomimetics also took shape.

The principal focus of this chapter is to investigate the philosophical approach of
biomimicry to determine whether it coul d help in finding new techniques in nature for use

in buildings.

2.2 The philosophy of biomimicry

Biomimicry is a design philosophy that has already been applied to architectural design

A small number of researchers have discussed the philosophy of biomimicry (Bensaude -
Vincent et al.,, 2002; Mathews, 2011; Blok, 2016; Blok & Gremmen, 2016; Dicks, 2016)
Mathews (2011) was one of the first authors to try to provide a philosophical basis for
biomimicry . He also believes biomimicry could produce a second industrial revolution.
Despite the dominant role of biomimicry in the industrial sector, its philosophical aspects
have remained underdeveloped and descriptive , leaving the ethical approach to
biomimicry unexplored (Mathews, 2011) . Other philosophers such as Blok and Gremmen
(2016) have conceptuali sed biomimicry as an ecological form of technological
innovation. The e thical and ecological approaches to biomimicry are not examined
further here as they are not fundamental to the goal of this research. Instead, the
technological approach to biomimicry is discussed as it is the motivation for the

biomimicry approach in this study.

Benyus (1997) defined a setof dimensions for biomimicry through which key aspects of the
human relationship with nature are shaped : nature as model, nature a s measure, and

nature as mentor . These are summarised below.

1) Nature as Model: 0 Bi omi micry is a new science that
and then imitates or takes inspiration from these designs and processes to solve

human problems, e.g.,asolarcell i nspired by a | eaf . o



2) Nature as Measure : 0 Bi omi mi cry wuses an ecological

6rightnessd of our i nnovations. After

| earned: What works? What is appropriate?

3) Nature as Mentor: o Binimicry is a new way of viewing and valuing nature. It
introduces an era based not on what we can extract from the natural world, but

on what we can [(Bengus,i997, Fronbmatter). ¢

Some researchers believe these three dimensions form the basis for classifying the different
approaches to biomimicry (P. A. Reed, 2003; McGregor, 2013) , although others have
critiqgued them (Mathews, 2011; Dicks, 2016) as they believe the three dimensions stated

by Benyus are more related to the concept of nature as physics and that the philosophical

aspects of biomimicry have not bee n adequately developed by these three dimensions.
Dicks (2016) refers to nature as model, nature as measure, and nature as mentor as being
the poetic, ethical, and epistemological principles of biomimicry respectively , but he also
argues that the philosophy of biomimicry includes  another dimension that is more about

g uestioning the meaning of nature in a deeper philosophical approach.

As discussed by Mathews (2011) , this dimension does not seem to be addressed by

3.
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Benyusd second set of pr i nstateméns sThessvdeemddbe maent ai ns n

about the descriptive aspects of biomimicry rather than discussing what nature truly is

Benyus (1997, p. 7) refers to these statements as strategies and laws. These principles are:

Nature runs on sunlight;

Nature uses the energy it needs ;
Nature feeds form to function
Nature recycles everything ;
Nature rewards cooperation ;
Nature banks on diversity ;

Nature demands local expertise  ;

Nature curbs excess from within and

= =4 4 -4 -4 -4 A -5 -

Nature taps the power of limits  ; (Benyus, 1997, p. 7)

Coming backto the three main dimensions of biomimicry suggested by Benyus , in recent
years hat ur e a sappeardte bed the appr oach most often followed by  scientists.
Pedersen Zari (2012) suggests most biomimetic designs are motivated by technology and

buildupon t he &6 nat ur edefinstionmoibraimnidry ofBenyus (0a new sci

imitates or takes inspiration from designs and processes to solve human problems e.g. a

9
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sol ar cel | i ns piThisetype df wppreach| doa lfionimicry fails to consider
improving performance  through innovative design based on ecological principles (Reap

et al., 2005; Wahl, 2006) , as in the examples below

91 Designing undetectable cameras based on eyes of insects (Toko, 2000; Duparré et
al., 2005)

1 Emulating DNA to create in dustrial Nano -machines (Lerner, 2004; Bocking &
Gooding, 2007)
Designing space craft inspired by worms (Thakoor et al., 1999; Ayre, 2004)

91 Developing military technology based on studying animals and plants (Amoroso,

1985)

However, in the examples above the technological approach to biomimicry does not
address integration with  the natural world. Given the relevance of the theory of
biomimicry to the technological approach, Myers (2014) state s that biomimicry might be
more acceptable to architects ifitavoi ds exact iimitation of
instead follo ws a more cooperative and incorporative approach towards engaging

natural principles. Wahl (2006) and Wilber (2010) also assert the importance of the human

and nature relationship.

Noting that this research aims to concentrate on employing biomimicry as a means to
technical innovation, understa nding the philosophy of technology is also required.
Mathews (2011) believes this understanding , which has been focused on ethical issues , is
growing gradually. This suggestsbiomimicry has not been adequately theori sed, and as a
result it has remained difficult to  distinguish the difference between other approaches to
innovation inspired by nature, such as bionic, bio -inspiration, and biomimetic  innovation
(B. L. Zhou, 2000; Vincent, 2009) . Even though the theory of biomimicry and its approaches

has not been completely  formali sed (Marshall & Lozeva, 2009) the literature displays an

ong oing attempt towards framing biomimicry into a design method. Researchers have

natur e

defined biomimicry as a design method usingBenyusd pr i exaniplp | Hagrovesd o r

and Smith (2006) say that interpreting nature as model, mentor , and measure has formed
the foundation of biomimetic design, and has provided an opportunity for researchers to

take advantage of this knowledge. Others have discusse d biomimicry more general ly. For
instance , Koelman (2004) refers to biomimicry as a new  pathway for design and

construction.

10



From thisbrief overview of the conceptof biomimicry, itstheory ,and approaches,it seems
there is not yet an agreed inclusive and fixed classification for these. Nevertheless,
worthwhile steps have been taken towards classifying bio mimicry approaches. These

classifications are not necessarily interrelated and have been shaped based on a varied

understanding and interpretation of biomimicry.

2.3 Motivations behind biomimetic design

It seems that biomimicry serves the two main purposes of innovation and sustainability.
Pawlyn (2011) states biological organisms can be considered as embodying technologies

that might offer sustainable solutions. As discussed above, Benyus as a biologist, author,
and innovation consultant , has introduced biomimicry as both an environmental theory
and a design approach, and as a path to solving design problems sustainably (Benyus,
1997). Based on her claim , Aziz and El sherif (2016) believe the most important aim of
biomimicry is sustainability. Pedersen Zari (2010) has a similar opinion of biomimicry and
has explore d the potential of applying ecological strategies to the built environment . She
follows a system -based regenerative design approach (B. Reed, 2007) in which buildings
are considered as small parts of a large system (  their environment). The relationship
between buildings and their environment resembles the relationship between organisms

and their ecosystem s.

There are different opinions regarding the fundamental means by which the basis of a
sustainable approach to biomimicry takes shape. These foundational levels have been
referred to as the form, process, and function of organisms (Gamage & Hyde, 2012;

Kennedy et al., 2015) . From another point of view,  these can be described as

f imitation of an organi smfés feature(s)
9 imitation of an organism -community relationship, and

9 imitation of an organism -environment relationship  (EFZeiny, 2012)

Technological innovations and sustainability criteria could be inte rrelated aspects of
bio mimicry as Rao (2014) explains : 6Biomimicry uses an ecological standard to judge the
sustainabil ity a®theoraesearchemsssurivas t BEinweligy (2016) consider there
should be a third motivation for biomimetic design, this being an increas e in human
wellbeing based on understanding the living world . This igeferred to as bio -philia . Marshall
and Lozeva (2009) have introduce d another approach to biomimicry , which they term
Ecomimicry , whereby design values are more focused on e cological issues. In relation to

the ecological approach to biomimicry, Blok and Gremmen (2016) have stated that
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biomimicry can be conceptuali sed as an ecological form of innovation. To sum up,
considering nature as model, measure, and mentor leads to technological/ innovative,

sustainable/ecological, and epistemological approaches respectively.

As a new approach to design, biomimicry has both its opponents and proponents.
Table 2-1 compares the ideas of a number of these opponents and proponents. Even
though, t he former believe the technological applications of biomimicry have not proved
to be sustainable and that biomimetic design is still premature, many recent studies show

that bio -inspired building design can lead to sustainable solutions (Tachouali & Taleb,
2014; Alkhateeb & Taleb, 2015; Y. Han et al., 2015; Kim & Torres, 2015; Nessim, 2015; Al Amin
& Taleb, 2016) , thus highlighting the usefulness of bio  -inspired designs. Table 2-1 covers the

theoretical arguments rather than those proved by practical building design.

12



Opponents

Table 2-1 Opponents and proponents of b

Proponents

iomimicry

Main argument

(Papanek, 1974)

(Vogel, 1998)

(Bensaude -Vincent et
al., 2002)

(Reap et al., 2005)

(Kaplinsky, 2006)

Baumeister cited in
(Pedersen Zari, 2007)

(Mathews, 2011)

(Volstad & Boks, 2012)

(Buraczynski, 2013)

(Blok & Gremmen,
2016)

2.4 Application of biomimetic approaches to archit

The application of biomimicry in architecture could

natural organisms

this accessing and understanding these functions could be harder than jus

natural forms.

(Benyus, 1997)

(Hawken et al., 1999)

(McDonough &
Braungart, 2002)

Schuknecht cited in
(Abrahms, 2012)

Designerséo
romantic .l ongingto

Designers interested in biomimicry should not lose their critical
view of what is useful, as if they do, biomimicry is overshooting
its goal.

0Doing things t hmkesntechnologedl way 6
improvements more naturally embedded. This also harmonises
man -made systems with natural ecosystems

Biomimicry is naive

Translating the exact technology found in nature into design
without any adjustments is not possible

The majority of designs are unsuccessful

Similar to arguments of Benyus (1997)
Similar to arguments of Benyus (1997)

Biomimetic seems more like a slo gan made by chemists who
seek to dominate sustainability issues in the context of
chemistry.

Sceptical that being biomimetic is a real revolution

0 A b i o midesigntapproach does not necessarily mean
the resulting product or material will be more sustainable than
a conventional equivalent when analysed from a life cycle
perspective. 0

Biomimicry is more like technological innovation rather than
ecological evolution

Biomimicry does not guarantee nature
better than man -made ones

-given solutions are

Some designers consider moving towards sustainability when
they employ a biomimetic approach, while others only use it
as a source of innovation

Biomimetic implications are not developed in a philosophical
way

No disadvantages

Many past bio -inspired projects have remained at a
conceptual level and are never launched

There is a chance of endangering humans if biomimetic
architecture fails

Humans mimic nature simplistically

Biomimicry is still premature

Bi omi mi cry i s ambi gu o tedchnolwdyeemsusi t

nature, discovery versus intervention, (technological)
exploitation versus (ecological

ecture

emulate the process and function of

instead of imitating morphological aspects of biological samples, but

t imitating
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From a different perspective, biomimicry can be placed into the two categories of direct
and indirect approaches (Panchuk, 2006; Vincent et al., 2006) . In the direct approach,
biological strategies, behavi oural pattern s, or ecosystem functions are replicated exactly
and while the indirect approach involves abstracting ideas found in nature and using

these as design principles.

2.4.1 Problem -based and Solution -based Approaches

Another pairing of approaches consists of bottom -up (solution -based) and top -down
(problem -based). Solution -based and problem -based approaches have also been called
O0bi ol ogyandplutsendh n o | o mgspectpalyl (Pdhl & Nachtigall, 2015) . These two

approaches were distinguished for the first time by Vattam et al. (2008) . Problem -based

and solution -based approaches have also been called 6chall enge tamd bi ol og
O0bi ol ogy trespedivwely i(Bpdathah & Kadr i, 2015). Pedersen Zari and Storey (2007)

define d the problem -based approachas 6 desi gn | ook i nlgotheraesdaicto | ogy 0

Helms et al. (2009) and Goel et al. (2011) focused on Biologically Inspired Design (BID)
processes and getting students to use these to design bio -inspired models. Their
observation of the usage of biological analogies by students assisted them in confirming

these two distinctive approaches to bio -inspired design.

Inthe problem -based approach ,real-world problems are identified by designers who look
to nature and use the assistance of biologists to solve the problem. Taking the same
stance, ElZeiny (2012) developed a framework with the purpose of assisting architects to

find an a ppropriate approach for applying biomimicry to design . Badarnah and Kadri

(2015) studied the strateg ies of five problem -based approaches to biomimetic design

1) Biomimicry 3.8 led by Benyus

2) BioTrizled by Julian Vincent (Vincent et al., 2005)

3) @iomimeticforlnnovati on and De sledby LiStuiMak &3hu 20049
4) @esign & Intelligence L a b o r a ledby @ol , and

5) 6 Pl ant s Bi omileddyThanasgSpetku (Speck et al., 2008) .

The common threads behind the bio -inspired design process in all five approaches

include the following:

1 Definition: the problem is defined or the function and the context are identified;
9 Abstraction: functions are change d to key verbs, the question is reframed and a

conflict is formulated;
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1 Exploration and investigation: this involves research in databases and biological
textbooks, and collaboration with biologists;
Classification: the biological information is evaluated and classified;

1 Final stage: this includes identification of principles, designing concepts, emulating

the principles and finally evaluating the results (Badarnah & Kadri, 2015)

A methodology for the problem  -based BID approach was also developed by Badarnah
and Kadri (2015) called BioGen. Thisis claimed to be useful for generating biomimetic
design solutions based on studying the methodologies offered by the five approaches
(Figure 2-1).

Figure 2-1 BioGen me thodology adapted from Badarnah and Kadri (2015)

Although the se methodolog ies sound useful they all suffer from a lack  of clarification in
the e xploration and investigation stage, as although the purpose is to find relevant
biological samples , there is no explanation of how this search should be conducted. This

is a missing link that will form the focus of this research.



In the solution -based approach, specific knowledge of biology leads to solutions which

are not necessarily predetermined. In this approach, designers know how to design
because they have the biological knowledge to give them the solution at the outset
(Vincent et al., 2005) .

2.4.1.1 Earlier frameworks for problem -based bio-inspired design

Because biology and architecture are two different knowledge domains that have no
obvious overlap in education, for BID to be successful there need s to be a way for
designers to find the relevant analogies in biology and subsequently translate these into
architectural design principles. To this end, a number of tools and frameworks have

already been developed by researchers to support the bio -inspired design approach.

State -Action -Part-Phenomenon -Input -oRgan -Effect (SAPPhIRE is a model developed by
Chakrabarti et al. (2005) that contains several levels of abstraction of function through
which the function of any biological system c an be described. This is a modelling
framework which provides information about previously used biomimetic samples, and
considers the structural, behavioural, and functional aspects of these. In this software,
textual representation of organisms is used as  nouns, verbs, and adjectives to describe
engineering design problems. Biological engineering design is then achieved by
matching the texts to the database. Mechanical engineers work with SAPPhIRHHelms et
al., 2009). This model has b een further examined by  Sartori et al. (2010) by focussing on
biological transfer mechanisms, and thus translating biological principles into design
principles. Another tool called IDEA_INSPIRMas been developed based on SAPPhIRBby
Chakrabarti et al. (2005)

Other studies have suggested a framework for BID. The Structure, Behaviour, Function ( SBF
model developed by Goel et al. (2009) represents biological models through their
relationships (function, behaviour, and structure, hence SBF). This model has been
reported as working effective  ly for BID (Helms et al., 2010) and has been ext ended into a
big library of SBF mo dels called Design by Analogy to Nature Engine (DANE) (Vattam et
al.,, 2011). DANE is a thus database built on SBF modelling (Vattam et al., 2011; Wiltgen et
al., 2011).

Pawlyn (2011, p.4) states0 Bi omi mi cry has been defi ned basis
of biological for ms, process and systThusshe BID
process would seem to benefit from frameworks such as SBF and IDEA-INSPIREas all are

focused on explaining a system by means of abstracting its functions.
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Gamage and Hyde (2012) have suggesteda Biomimicry Theoretical Framework (BTF) that

could be viewed as  holistic approach. They suggest their 0 b ot tuopndheory is better

than the approaches adopted by others. However, this is totally in contrast to the
problem -based bio -inspired design approach discussed above. They claim there is a
problem with the whole idea of the application of biomimicry principles and that BTFis a

problem solving process. Thisseems somewhat unreasonable as they have not defined
how biomimetic principles can be applied in the architectural design process , Whereas
defining a framework seems an important , or even the main st ep, in applying biomimetic

design to architecture.

2.4.1.2 Solution seeking and bio-inspired design

The term Design -by-analogy ( DBA) has application in different fields of knowledge
including engineering, architecture, and computational design and is relatively important

in the bio -inspired design approach.  As Gentner (19 83) stated analogy happens where

two situations are connected either through relational or representational establishments.

DBA has been referred to as a method for assisting designers to find solutions or analogies
in the field they are looking to for inspiration. Different methods have been developed
based on analogy. Moreno et al. (2014) argue these methods can be grouped into three

categories based on where the expl oration for analogies occurs.

1) Methods that are used to take inspiration from the natural world in a general
format.

2) Methods employed in the context of knowledge -based domains such as
engineering and architecture to improve biomimetic or bio -inspired design
concepts (Mak & Shu, 2008; Helms et al., 2009; Chakrabarti & Shu, 2010; Nagel &
Stone, 2011) .

3) Methods for developing existing analogous solutions through effective abstraction

of functional models an d flows (Hirtz et al., 2002; Chakrabarti et al., 2011)

In addition research has also been conducted on improving exploration in the target
knowledge domain through the way design problems are presented (Segers et al., 2005;

Linsey, Wood, et al., 2008) .

The origin of the concept of functional modelling can be found in earlier research focusing
on knowledge -based or expert systems, such as ARGO (Huhns & Acosta, 1988) , that
incorporate a series of techniques for facilitating the design -by -analogy process.

Functional modelling could almost be considered to be the basis of all data extraction
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systematic methods (Stone & W ood, 2000) and is aimed at minimising fixation on previous
ideas generated by precedents (Vincent et al., 2005; Lucero et al., 2014) by providing
access to a large number of analogo us examples (G. Pahl, 1996; Otto & Wood, 2000;
Chakrabarti & Bligh, 2001) . Fixation on what is already known can limit the quality of the
final design concept as  the researcher is not motivate d to investigate the most effective
methods for dealing with unfamiliar examples (Ngo, 2014) . According to the literature
there is evidence that functional modelling has been useful for identifying design solutions
and accordingly implementing them into a new design process (Casakin & Goldschmidt,
1999; Ball et al., 2004; Christensen & Schunn, 2007; Chan & Schunn, 2015)

Most of the existing tools for performing functional modelling retrieve the relevant samples

from databases by using a verbal abstraction of the design problem and then looking for

the best matches through linguistic similarity (Chakrabarti et al., 2005; Vattam et al., 2011;
Goel etal., 2015) . Thus functional modelling, as a common tool for abstracting ideas (Qian
& Gero, 1996; Hirtz et al., 2002; Gerhard Pahl & Beitz, 2013) , is manifested in different ways
in which the analogous models are represented by a series of keywords that describe their

funct ions.

Functional basis is a generalised taxonomy of all functions (channel, support, connect,
branch, provision, control magnitude, convert and signal) (Hirtz et al., 2002) . Iterative
taking apart of these main functions generates more specific functio ns. The generalised
flow taxonomies are material, energy, and signal. The more functions are fragmented and
specified, the more specific flows are generated (Lucero et al., 2016) . The functional
model is basically an expanded version of the 0 b | a c kincludirg all sub -functions and

flows, as explained below.

Ab bl ac kmdda is @ mainly qualitative approach for retrieving analogies through a
workflow. This model is used for formulating the overall design function and is composed

of three parts: input, function, and output, where inputs are defined as those which enable

the function, and functions as items that generate the outputs (Agyemang et al., 2017)
This simplified 6black boxd f unc tediotmanhodehtioat e |
includes sub -functions connected by material, energy , and information flows. Figure 2-2

for instance, shows the 6 b | a c k ant foncti®nal models  for a SuperMaxx ball shooter .
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This content is unavailable. Please consult the print version for access.

Figure 2-2 Top) @Bl ac k b o x & Bottwuh)e Functional model (Agyemang et al.,
2017)

There are many databases available when using the DBA appro ach but few tools have
been developed to assist designers in extract ing relevant datafromth ese. There has been
some research focus on testing new method s for extracting relevant examples from the
existing databases in a systematic way. WordTree is one such method that systematically
guides designers through the design process. Using this method different representations

of the design problem lead to unexpected innovative analogies (Linsey, 2007). The

WordTree method has three main steps:

1) The design problem is described by different words that represent the key functions
(multiple linguistic  representations of the design problem). This problem
representation happens through the WordTree;

2) Potential analogies and domains are identified and researched , and

3) These analogies and domains are used for generating ideas.

For example if the aim is to design a laundry folding device (LFD), in step 1 the key
functions required for this device to work are abstracted and described by using the
combination of a) the functional model , b) the dlack box dmodel (see 2.4.1.2), ¢) mission
statements , and d) customer needs. The descriptive keywords derived from these four

methods should be in the form of single word action verbs.

The 6 b | abcokxndiodel of the LFD represents the input s needed for the device to work
properly and , correspondingly, the consequent outputs of the device. In this case t he
customer needs can be described by the verb fold . Figure 2-3 shows the functional and

black box model s.
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This content is unavailable. Please consult the print version for access.

Figure 2-3 Top: Funct i on al mode IBl, aBlth @xmd (Liboey, Markman, et
al., 2008)
In step 2, the key problems identified in step 1 need to be re -represented and arranged

using WordTree . This enables the designer to recognise the relevant examples (analogies)

and analogous domains. All the key functions are hierarchically structured starting from
the more general words (  hypernyms) to the more specific ones( troponyms) , with the main
initial word sitting in the middle of the WordTree (Figure 2-4). In this step the WordNet
database is also used to produce additional results as this database supports natural
language processing and provides users with additional words that are similar to those

found in step 1 (Veale, 2006) .
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This content is unavailable. Please consult the print version for

access.

Figure 2-4 Hierarchically structured key functional words adapted from Linsey (2007)

WordTree can be further extended once the additional terms found by = WordNet are
discover ed . Figure 2-5 shows the enhanced model of the WordTree where unfamiliar
words expose previously distant analogies (hypernyms). The discovered analogies are

then studied in step 3 as the basis of generating innovative ideas.

Analogous domains can usually be discovered in parallel branches. For example, do using
a sail (lowering quickly) and reefing a sail introduce sailing as an unfamiliar analogue
domain that could inspire innovation. However, the research conducted by Linsey (2007)
did not go as far as describing the final innovative concepts produced by the design

teams that would have shown the effectiveness of this approach.

This content is unavailable. Please consult the print version for access.

Figure 2-5 Extended version of the WordTree as adapted from Linsey (2007)
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Other analogy -type tools using computational methods have been developed t hat offer
support to the design -by-analogy approach. These  methods enable systematic web -
based searches through which designers can rapidly find the most relevant analogies in

either a general source or  in patent databases (Murphy et al., 2014) .

Murphy et al. (2014) utilised the functional vector space model (VSM) as an approach to
functional -based DBA. Their research had four main steps that were also used later by Fu

et al. (2015) . The details of all four steps are summarized in  Figure 2-6.

This content is unavailable. Please consult the print version for access.

Figure 2-6 Summary of the computational DBA method adapted from Murphy et al.
(2014)

The main purpose of developing these solution seeking methods was to enable retrieval

of non -obvious analogies. This implies that researchers have always been concerned with

the dissimilarity of different knowledge domains and consequently the need to incr ease
the effectiveness of the techniques for concept generation. However, as argued by
Blanchette and Dunbar (2000) , retrieving analogies from the large number of data

repositories, which have been set up for different fields of knowledge, is difficult, and

identified analogies are not necessarily exactly matched to specific design problems. For
example using the systematic search method suggested by Murphy et al. (2014) the
functional model and black box model of an automated window washer is show nin

Figure 2-7 and Figure 2-8.
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access.

Figure 2-7 The 6 b | a c k ntoodek df an automated window washer (Murphy et al.,
2014)
The functional semantic representations of the simplified functional model are: import ,

transform , transmit, regulate , couple , support, and remove . In turn some of the
fragmented functions of the generalised ones are: channel , branch , convert , control ,

con nect , support .

This content is unavailable. Please consult the print version for access.

Figure 2-8 The functional model of an automated window washer (Murphy et al.,
2014)

The query generation tool (  Figure 2-9) is used to generate additional similar secondary
functions. Using these additional functional key words, the tool provides designers with the

most relevant patent documents. Computational methods used in the tool enable
retrieval of the analogous patent descriptions, which are ranked based on their relev ancy
scores. Basically, a previous patent description indexed using the most similar or common

functional keywords is distinguished by the tool as the best match to the design problem.

23



This content is unavailable. Please consult the print version for ac cess.

Figure 2-9 The query generation tool (Murphy et al., 2014)

The research conducted by  Fu et al. (2015) built upon the previous research by Murphy et

al. (2014) as they developed a method for investigat ing the extent to which source
analogies were similar to each other (Fu, Cagan, et al., 2013; Fu, Chan, et al ., 2013).
Discovering the relationships between the source analogies allowed for their clustering.

Fu et al. (2015) analysed the functional similarity of all source designs, in this case patent
descriptions of the products or existing analogies, in mapping software by developing
natural language processing algorithms. They also standardised the language processing

of the functional models based on the functiona | basis approach developed by Stone
and Wood (2000) and Hirtz et al. (2002) . The research of Fu et al. (2015) com prised four
steps, which are similar to those developed by Murph y et al. (2014) :

1) Processing knowledge databases using algorithms,
2) Generating functional vocabulary,
3) Retrieving information and clustering data through query generation tool, and

4) Analogical mapping using algorithms.

In the first part, natural language processing algorithms were employed to reduce the
documents to the irkey functional terms. Next, t he results were represented by the Vector
Space Model (VSM) in which each document was shown by a vector of the retrieved
functional words. In step 2 aseto ffunctional words were selected in a manner that would
cover all the documents in the databases. Based on the functional words  retrieved, in step
3 the documents were indexed again in a new database. This database was created to
formulate the query. In st ep 4 the database wa s set up, and designers would be able to
enter any functional words  related to the design problem into the query generator. The

query generator tool  would then assistdesigner in identifying the primary and secondary
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functions related t o the design problem. In the final step the database would list the most
relevant patent documents in a PDF file as somewhere a designer can look for inspiration.
The results showed that using this method, more relevant documents and hence novel

ideas we re generated.

To illustrate this process, Fu et al. (2015) described the design problem below:

oDesign a device to collect energy from human motion for use in developing

and impoverished rural communities in places like India and many African
countries. Our goalisto buildalow -cost, e asy to manufacture device targeted

at individuals and small households to provide energy to be stored in a battery.

The energy is intended to be used by small, low power draw electrics, such as

a radio or lighting device, hopefully leading to an increase i n the quality of life
of the communities by increasing productivity, connection to the outside

world, etc .6

The primary functional words were: collect, convert, store, low cost, easy to manufacture,

and portable. The secondary functional words were: impor t, convert/transform, transport,
move/rotate/oscillate, collect, produce, and export/supply. The second set of keywords

was concurrently used in a patent document called OWaveperated power.
This analogous patent could not have been found if th e secondary functions/sub -
functions had not been generated. Getting inspiration from this find, a floating bridge was
designed capable of extracting the energy from people who walked over the bridge to

cross the river.

The purpose of this investigation was to see how similar the functional description s of the
desig n problems were to those of the  design solution examples. Using these algorithms, all
the documents in the databases can be reduced to a small number of analogue
functional keywords. This enable s designers to look for the closest match to their design
problem. The results showed that the tool provide d designers with the most relevant

examples in the literature.

The Design by Analogy Performance Parameter System (D -APPS) (Lucero et al., 2014;
Lucero et al., 2016) is another computational tool that retrieves analogies bas ed on the
performance parameters of design problems and design solutions. While previous DBA
tools had mostly evaluated the linguistic similarity of the functions/ SBF; this approach was

focused on the performance correlations of those functions. In other word s, it was
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predicted that more analogies would be found if designers ¢ ould also search for the
performance or quantifiable aspects of the design problems. Lucero et a I. (2016) also
believe certain  functions contribute more to the performance. They call these critical
functions (CF) and believe that looking for CFs is very important when the designer is

looking for analogies in a totally different knowledge domain.

0As an example, compare a can opener with a vehicle jack. The primary
function of the can opener is to separate a portion of the can to allow access

to its contents. The primary function of a vehicle jack is to lift the vehicle. If the
design problem were t o improve the energy efficiency of the design, both
examples would suggest that the convert (energy) function would be the most
significant. However, the can opener is only functional if the separate function

is also effective, while the vehicle liftison Iy functional if the stabilise and transfer
functions are effective. So, the can opener has two CFs while the vehicle lift

has three. 6 (Lucero et al., 2016)

D-APPS is capable of fi nding analogies within a repository of functional models which have

been populated manually. The results of existing experimental 0 d e s-bygamn a | ostugies
can also be analysed quantitatively based on the performance metrics of the bio -inspired
designs. These results are encoded by the D -APPS tool and will return the best match

biological samples to the designer.

2.4.1.3 Methods of biological transfer: analogical reasoning for generating
bio-inspired design (BID) concepts

In the context of the BID approach, once the relevant examples are determined by the
designer, a series of steps needs to be taken  so the existing knowledge can be transferred

into the new design domain. This stage can be referred to as 6anal ogi calor transf
O6bi ol ogi c al (Helmsenak, RG®9) | withttie latter being the term used in this thesis.
Previous studies sought to formalise the way in which design knowledge , and specifically
cross-domain knowledge , can be represented . There is also evidence showi ng the BID
process can be generalised (Lucero et al., 2014; Lucero et al., 2016) . Lucero et al. (2016)
also note the importance of biological translation phase in a design by analogy process.

As they explain, using the D -APPS method shows how the explorative process of DBA can
work much more effectively  where the source and target design domains are completely
different (see 2.4.1.2). In research cond ucted by Lucero et al. (2014) and (2016), the
Structure -Behaviour -Function (SBF path (see 2.4.1.1) was used as the basis for the D BA

process and r epresentation s of the functions of the analogue examples wer e analysed
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within a broad range of fields , from industrial and graphical design to architectur e and
engineering. The results showed that even though the domains are different,
representation of the function of examples can be still generalised into specifi ¢ categories
(see 2.4.1.2).

The Design-by-Analogy process borrows the variables from an existing domain (source
design) for creative use in a new domain (target concept design). It has always been a
guestion of how the relevant examples, whether these are biological or not, can be used

in a way tha tis appropriate for the target design domain. As stated by Qian and Gero
(1996), source design (biological examples) and target concept design (building design
principles) can be connected using a process. As described by them this process should
contain logical links between a series of elements that represen t different attributes of the
source design, since once the relevant examples are found, only a well -structured

knowledge transfer model has the ability to contribute to the new design domain.

Analogical reasoning/transfer is a substantial part of creative design (Boden, 2004) and is
a process through which source and target concepts are compared. Using this process

the sourc e concept is abstracted and transferred to the target concept. As stated by

Cheong et al. (2014) , even though analogical translat ion plays an important role in
creative design, itis not fully understood in the biomimetic design approach. Many factors
influence the application of biological solutions in architectural and engineering design

ranging from cognitive factors (Mak & Shu, 2004) to the inclinations of designers, and

design fixations (Mak & Shu, 2008) .

Wilson (2008) proposes analogical translation should follow a systematised transfer
process. He suggests there are different scale -based schools of thought (at  form, process,
and ecos ystem levels) for translating biology to the engineering domain. Most are used in
industrial design and mechanical engineering, although some systems have architectural
applications, such as BioTRIZ(Gamage & Hyde, 2011) . TRIZs a well-established method
used for analogical reasoning. Its foundation is a number of generalised problem -solving
principles and the TRIZmethod uses a contradiction matrix. As argued by Otto and Wood
(2000), innovation happens when the designer investigates the existin g contradictions
between the technical characteristics of a subject. He believes looking for these
contradictions leads designers to find the main principles that will generate creative ideas.
TRIZwas further developed and renamed BioTRIZ This version mainly incorporated

biological design principles into  design . In other words it was used to draw analogies
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between nature and engineering science. BioTRIZncludes design problems that can be

matched to previous biomimetic solution strategies (Vincent et al., 2006) .

Wilson (2008) also alludes to the lack of cross -domain knowledge. He states that current
translation systems are not efficient at extracting biological mechanisms and strategies,
and a systematic process is m issing. Shu et al. (2011) suggest developing a generalizable

translation system is essential.

Moreno et al. (2015) were interested in evaluat ing the effect of learning  DBA methods on
the factors selected by participants (individual, performance, self -perception, and
contextual factors), these being the most important items affecting their creativity during

the design idea generation process. Th  ree different tools ( Control , WordTree (see 2.4.1.2,
Figure 2-5) and SCAMPER were used to investigate the influence of cognitive factors on
creative performance in design, or in other words, the methods used for formalising design

by analogy ( DBA). Learning DBA appears to affect creative bio -inspired design when the
metrics of fluency, novelty, and fixation have been used to evaluate the generation of

creative ideas. This has been proved (Moreno et al., 2015) based on a two -phase
experiment, of whicht he second phase contained a training session on how to use the

tool to generate ideas.

Reviewing the literature, most architectural translations are morphological (Badarnah et
al., 2010; Elghawaby, 2010; Ahmar & Fioravanti, 2014b, 20  15; Y. Han et al., 2015; Kim &
Torres, 2015; Reichert et al., 2015) . These solutions start with a biological form and look for

where to apply it in a building (mostly on facades).

The textual description of biological phenomena known asocausal r @ebcabes ons o6
how biological functions are achieved through the behaviour of organisms. Causal

relation template is a method for formulating analogies to help designer to retrieve the

relations between the target and the source knowledge domains (Cheong et al., 2010)

This has been proved as beneficial for generating a better concept when it comes to

design problems. Studies have investigated the possibility of developing a framework for

the concept generation phase of biologically inspired design (Vattam et al., 2008) . The

aimwas to find whether a better textual description of existing BID models could improve

problem solving .

The literature suggests analogical translation is more deve loped in cases where the

interaction between computers and designers is important. However, the outline of such
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a process could be used in the bio  -inspired design (BID) approach, which by its nature is

a design -by-analogy concept. For example, as suggested by Qian and Gero (1996) , the
Structure -Behaviour -Function (SBF) framework ¢ ould be used to describe any source
design such as biological examples, by their function, behaviour, a nd structure. They add
that the design process can be developed and shaped through these three aspects

(Qian & Gero, 1996) . They also claim the SBFframework has been shown to work well,
although Mabher et al. (1988) suggest tha t providing only non -abstracted descriptions of

the source design (biological examples) is not useful for creative design by analogy.

Generation of creative ideas is not only dependent on the nature of the design problem

but also the illustration of the de  sign solutions.

In the context of BID, how the  biological examples are presented in terms of the textual
description of the selected samples or the graphical illustrations of the  solutions th ey
encompass, has been shown to influence  the diversity of the final design concepts.  This
seems to be more crucial where design problems are more technical and hence, where
the designers need to be well -informed about the strategies biological examples use to
survive. Consequently, such a visual exemplification should provide a better

understan ding of the natural principles found in the biological solutions that organisms use
to overcome the challenges of their environment, and this, therefore, could contribute to

a successful BID process . This has been proved by Vandevenne et al. (2016) who

measure d the impact of the AskNature (AN) tool (Figure 2-10).

This content is unavailable. Please consult the print version for access.

Figure 2-10 Biomimicry taxonomy library of AskNature adapted from Lucero et al.
(2016)

AskNature (AN) is a biomimi cry taxonomy library where users can find relevant biological
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examples by choosing one of the main three groups suggested by AN. These three
functions are each branched into three to four subgroups. The last level of narrowing
down to the design solution(s ) is achieved by selecting one of the functions of these
subgroups. This tool was developedto enable  a systematic bio -inspired design process for
generating creative  design concepts. Three conditions were se t for comparison : design
without AN, design with AN but with textual description, and design with AN by graphical

illustration.

Analysis of the concept of analogical reasoning in the context of biomimetic design has
been undertaken both through qualitative (observations such as in workshops for BID) and
guantitative approaches (numerical representation of similarities between the source and

target models).

Overall, in the context of analogical reasoning, the similarity between the source and the

target concepts can be represented at both the superficial and relational levels. In
biomimetic design the superficial level is related to the attributes of the biological
examples while the relational refers to their function (Cheong et al., 2014) . Moreover, the
relational level is claimed as useful in analogical transfer (Cheong et al., 2014) where
designers need to abstract causal relationships (structure, function, behaviour) from the

corresponding processes of the biological examples (Goel, 1997) .

2.5 Biomimicry and buildings

As a broad concept sustainability has recently become one of the main aspects of

building design. Sustainable design is considered to be a leading architectural concept

by which the quality of life can potentially be improved in the three (social, economic
and environmental ) dimensions (Ortiz et al., 2009) . These dimensions are argued to have

synergistic relationships.

As part of being environmentally sustainable, a building needs to minimise the fossil fuel
energy used for its construction, operation, and maintenance. It a Iso needs to minimise
the land needed to supply its material resources, whether these be timber, masonry
materials, metals or plastics. This means an environmentally sustainable building is
expected to have low or zero environmental impacts. In light of th e three dimensions of
sustainability, sustainable building design should consider resource conservation, cost
efficiency, and human adaptation strategies. Resource conservation can be categorised

into energy, material, water, and land conservation, of whic h energy conservation has
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been regarded as the most important issue affecting the environment (Akadiri et al.,
2012).

Globally buildings, or rather what  people do in buildings, are huge consumers of energy.
As reported by The International Energy Agency (IEA) (2019) , buildings make up around
one third of world energy consumption. Hence, energy efficiency improvements in
building design and construction could make a significant contribution in reducing global
energy needs. While acknowledging that energy reduction is not the only issue in making

a sustainable building, it will form the focus of this research. The two main approaches to

reducing total building energy consumption are:

1) Minimising the energy used for ext racting, processing, transportation and
installation of building materials and equipment for using renewable sources of
energy (EE); and

2) Minimising the energy used for building operation and using renewable sources of

energy (OE)

The former is generally re ferred to as Embodied Energy (EE) and is an indicator in
evaluating the overall environmental impact of a building. EE has been reported to play

a critical role in buildings total energy use as the energy used in building material industry
accounts foraro und20%of t he wor |l dds f(Didtletalg 20003 .uHovpever EEN
varies between 12.55 and 18.50 % of a conventional building operational energy (Dimoudi
& Tompa, 2008) . The embodied energy of renewable energy equipment also needs to be

taken into consideration.

Building operation is defined as the activities that are necessary for a building to perform
as designed. In order for a conven tional building to operate well energy is normally spent
for heating, cooling, ventilation, lighting and operating equipment. In other words the
operational energy is the energy a building consumes to maintain an acceptable inside

environment for the occup  ants.

Even if efforts are made to reduce the embodied energy, a building might not be seen as

energy efficient if considerable energy is needed to make the interior environment
liveable once the building is constructed (Dimoudi & Tompa, 2008) . Conversely, reducing
operational energy through use of appropriate levels of mass, glass and insulation (Donn
et al., 2001) may lead to increased embodied energy. The question for this thesis is how

biomimicry might be used to investigate how to reduce energy use in buildings while also
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looking at how an acceptable indoor environment can be achieved with a minimum use

of energy.

Based on this, there is a need to investigate the different approaches through which
architects, researchers and engineers have incorporated biomimicry in building design to
achieve energy efficiency. The next two chapters are accordingly focused on reviewing

the literature to discover how being inspired by nature has resulted in innovative
sustainable buildings that are energy efficient in ter ms of both embodied energy and

operational energy.

2.6 Chapter summary

This chapter provides an overview of biomimicry including its origins and background,
terminological definition, and discussion of related philosophical aspects. Different types

of biomimet ic design approaches and the main motivations behind biomimicry are
explained. As discussed in section 2.3, biomimicry could be considered as a method
through which technological innovations and sustainability principles can be achieved.
Approaching sustainability and creating technological innovations emerge as the main

purposes of biomimicry based on its three main dimensions as defined by Benyus. This
implies that considering nature as a model and a measure can be attributed respectively

to the innovative and sustainable aspects of biomimicry.

In the context of architecture and building design and bearing in mind the dual promises
of biomimicry (technological inno  vations and sustainable outcomes), designers could

potentially find inspiration in nature for solving building design problems, especially by the

O6sustainabl ed solutions species use to survive.

best matched to the  design problem. Various tools for finding existing knowledge from a
different domain are described but as yet there appears to be no tool for allowing building
designers to access the efficient ways found in nature of producing energy, using energy,

and r ecycling resources.

The next chapter is a literature review of bio  -inspired building materials that have

contributed to decreasing energy use in buildings.
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3 Bio-inspired Materials: How Does Nature Build?

This chapter was published as:

Bio-Inspired Materials: Contribution of Biology to Energy Efficiency of Buildings
© Springer International Publishing AG 2018

L. M. T. Martinez et al. (eds.), Handbook of Ecomaterials,

Springer Nature License terms and conditions is available in Appendix D.
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