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Abstract. This study explores the integration of biomimicry into design processes by
providing a closer look at architectural practice and research and proposes a
categorization of bio-inspired paradigms. Noticeable clusters within biomimetic
approaches in architecture that share common principles are investigated throughout
the research via a series of built examples that are considered to have biological
phenomena as inspiration sources. Bio-inspired design processes are investigated via
a categorization to detect the depth of analogical transfer and multiplicity. The paper
sets out to present the issues concerning the analogical distance, multiplicity of
approaches, and the decrease in the gap between nature and human-made
phenomena.

Keywords: biomimicry, bio-inspired design, analogy, abstraction, architecture

1 Introduction

Architectural design processes, with its increasingly interdisciplinary character,
follow distinct routes to benefit from nature. For a deeper understanding of
biological inspirations in architecture, designers concentrate on physical
features of natural phenomena including well-performing formal configurations,
and structural and material systems found in nature to achieve unconventional
forms that behave according to a type of intrinsic logic (Hensel, 2006; Hensel
et al., 2006; Menges, 2013; Pawlyn, 2011). Biological analogies had been used
in architecture for a long time with a relatively superficial understanding. In the
wake of technological developments and findings, alongside the rising interest

1309

SIGraDi 2021 | Designing Possibilities | Ubiquitous Conference



in more sustainable solutions, architects orient their attention towards
biomimetics in the search for deeper connections (Collins, 1978).

The developing body of research lead to insights either as design methods
or as design tools and the horizon is broadened in the level of abstraction for
the use of natural precedents (Pohl & Nachtigall, 2015), and accordingly new
solutions are developed for emerging design and engineering problems.
Formative and informative processes of nature beget inspirational ideas for
architectural design (Estévez, 2005; Frazer, 1995). Nature in bioinspired design
is seen as a model for creative problem-solving. We can now observe cases in
which complicated design problems can be solved through inspirations from
nature at different levels involving visual, conceptual, and computational
aspects (Arciszewski & Kicinger, 2005). Moreover, more tangible relationships
can be established between nature and architecture by carrying essential
building characteristics of nature to human-made ones (Koelman, 2004) as a
result of profound biological analogies used by other scientific disciplines whose
solutions are also beneficial for the creative design processes of architects and
engineers (Helms et al., 2009; Schmidt, 2005).

This study explores the integration of biomimicry into design processes by
providing a closer look at architectural practice and research, and proposes a
categorization of bio-inspired paradigms. Noticeable clusters within biomimetic
approaches in architecture that share common principles are investigated
throughout the research via series of built examples that are considered to have
biological phenomena as inspiration sources. Selective sampling of the built
examples from architectural practice is used within the body of this exploratory
research. The examples, selected on the basis of emerging bioinspired
concepts, are presented through analytical categories including (1) transfer of
physical properties of nature as form, structure, and material; (2) transfer of
performative principles of natural entities that inspire building designs by their
differentiated behaviors in accordance with the conditions; and (3) transfer of
systematic principles extracted from nature. Each category is presented and
analyzed with different biomimetic approaches by following the emerging cases
in the literature. Analogical multiplicity and its effects on the knowledge transfer
from nature to design are questioned following the analysis of the categories.

2 Background

The understanding of nature as model, measure, and mentor, together with
design to biology and biology to design approaches are implemented in three
different biomimetic levels and are classified according to the depth of
biomimicry (Zari, 2007) as follow: (1) organism level, (2) behavior level, and (3)
ecosystem level. The organism level refers to form-based biomimicry attempts
that mimic a specified organism entirely or a portion of it. On behavior level, a
specific type of behavior of an organism is under focus (Zari, 2019). Ecosystem
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level involves the mimicry of another ecosystem that functions successfully in
terms of components and working principles, and it is the sustainable form of
biomimicry that concentrates on the process strategies or the functions in the
fauna and flora of a particular place (Marshall, 2009; Zari, 2012, 2019).

The precedents show us that visual clues extracted from nature are mostly

effective on formal inspiration, and are leading to spatial or typological
innovation, relational information for geometry and structural performance, and
material innovation (Agkathidis, 2016). Beyond mere appearance, designers
particularly focus on inherent construction qualities and the processes (Gruber,
2011). Prominent authors and practitioners working in the field of architecture
concentrated their attention on natural structures with their material and
mechanical properties (Knippers & Speck, 2012), building principles of nature
with its techniques and changeability (Menges, 2013), geometrical allowances
of materials to invent new formal relations that already exist in nature
(Weinstock, 2006).

Regarding the studies on the cognitive processes involved in the bioinspired
design, several categorizations have been introduced to explain the biological
inspirations embedded (Bhasin & McAdams, 2018; Chakrabarti, 2014; Gero,
2012; Mak & Shu, 2004; Nagel et al., 2018; Qian & Gero, 1996). Gero’s
function-behavior-structure (FBS) formulation approaches the issue from a
perspective that design influence is inherited from a primitive element that can
be either a physical or a logical entity. A primitive element to be grouped with
other primitive elements can form the structural element and behaves in some
specific way to achieve a specific function (Gero, 2012; Qian & Gero, 1996).
Mak & Shu's idea on form, behavior, and principles explains the hierarchical
relationship between each stage of the pyramid; by moving upwards in the
hierarchy of the pyramid, the upper level explains the lower level's reason for
existence, and each level below explains how to achieve above one by moving
downwards (Mak & Shu, 2004). Bhasin & McAdams (2018) append on Mak &
Shu’s arguments claiming the formation process works like a mechanism and
structures are depending on the materiality and dividing it into two as “materials
and structures” and “mechanisms and processes”. Chakrabarti's SAPPhIRE
model of causality explains how an entity using physical phenomena works to
achieve its functions and change the state of itself and the surrounding
(Chakrabarti, 2014). It is the hierarchical ordering of ‘parts’, ‘physical
phenomenon’, ‘state’, ‘physical effect’, ‘organ’, ‘input’, ‘action’ according to the
relationships that can be constructed in between them. The SAPPhIRE model
is useful for analyzing different biological entities catalog them as stimuli for the
bio-inspired design of new ideas.

Based on the above literature review we have synthesized a categorization
consisting of three parts. The form is accepted as a preliminary element for
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researchers. In theoretical approaches, it is the initial element that is perceived
and related firsthand (Chakrabarti, 2014; Mak & Shu, 2004; Qian & Gero, 1996).
Since it is inevitable to detach form from the structure and its materiality
(Knippers & Speck, 2012; Menges, 2012; Weinstock, 2006), our framework will
cover them under the topic of ‘inspirations from the physical properties of
nature’ under three sub-categories: (1) form, (2) structure, (3) material.

The second constituent of our categorization is covered as ‘process’ by
Nagel et al. (2018), ‘behavior by Mak & Shu (2004), ‘state change’ by
Chakrabarti (2014), and ‘performance’ by Agkathidis (2016), Hensel (2006),
Knippers & Speck (2012), Menges (2012) and Weinstock (2006). Process and
behavior are thought of as the two inseparable measures for the part analyzing
'the performative aspects of nature inspiring building designs." The third
constituent to analyze bio-inspired design approaches is given as system and
function in Nagel et al. (2018), mentioned as function in FBS of Qian & Gero
(1996), Mak & Shu (2004) tackle it as principles, and Chakrabarti (2014) called
it as organ or attribute. The common meeting ground of all these researchers
is the systematic understanding of nature which they are trying to deal with the
relations in between the parts of a system observed in nature and attempts to
apply in their design as a holistic approach (Chu, 2010; Deuschle et al., 2018;
Frazer, 1995). By looking at the rich literature behind it, our research will name
the last major constituent of its catalog as 'building design inspirations from the
systematic principles of nature.'

3 Bio-Inspired Design Approaches in Design Processes:
A Review

A classification for architectural approaches concerning their formulation of
bioinspired design is provided and analogical transfers in different stages of the
conceptual design are traced via the study of the design process of key
buildings. While doing that our research analyzed the prominent cases in
literature focusing on the ones using text descriptions of biological phenomena
together with the visual representations explaining the transfer via diagrams
explaining the stages of the analogical transfer most clearly. Each category is
presented with different biomimetic approaches and studied via a table set. As
the bio-inspired design is based on cross-domain analogies by its definition
(Goel et al., 2014), the research investigates analogical distances, analogical
multiplicities, and their effects on the knowledge transfer from nature to design.

3.1 Inspirations from the Physical Properties of Nature

The physical properties of nature are used as a source of building design
inspiration and classified into three, as the major design decisions that
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architects need to take into account; form, structure, and material (Estévez,
2005). We have analyzed these major chunks with examples to try to detect the
similarities and differences between the analogical transfers from biology to
design. The first chunk contains the buildings inspired by the forms in nature.
The wide range of forms generated with minimum material and maximum
performance, the formation process on how things are morphologically coming
together to form an object, and their impacts on the performance of buildings
are investigated through the analysis of Burj Khalifa, The World Trade Center
Hub, and Helix Bridge. Burj Khalifa's design did not start with a search from the
catalog of nature; however, the initial plan schema having a similar outline of
the top view of a flower inspires the design team and enabled them a stylistic
and structural inspiration from a real flower later (Smith, 2008). The form of
Calatrava's World Trade Center Hub looking like a bird flapping its wings used
biological analogies in two steps: first, the movement of a bird is transferred via
the visual scene created by this movement and used as the form of the building,
then the bilateral structural ribs through which the flapping effect is added to the
form is achieved with two asymmetrically positioned wings (Stevens, 2016).
Helix Bridge uses the shape of DNA chain as a design inspiration in the spiral
form of the bridge both in micro and macro scales; the DNA helix is used as the
design initiator with its form; however, the form contains also the information for
the primary and secondary structural system based on the phosphate-sugar
base backbone relation exist in DNA cells (Storer, 2015).

Table 1. Analogical transfer between natural phenomena and building/component
design of Burj Khalifa, The World Trade Center Hub, and Helix Bridge.

2 € — h.,_‘ 5 form
8 J ‘ i e form
——= form
Hyire - —+  structure . - Erachirg == structure

The second chunk of the physical properties concentrates on the buildings
inspired by the structures of Nature which are fascinated by the complex
hierarchical orders of buildings of nature constructed in multiple ways and
evolving from their initial formations (Knippers & Speck, 2012). National
Aquatics Centre in Beijing (The Watercube), Beijing National Stadium (The
Bird’s Nest), and Airport Stuttgart Terminal 3 are examined for the
nonuniformity of their structures. National Aquatics Centre in Beijing — The
Watercube’s envelope structure is formulated by the team searching for natural
equivalents addressing a similar problem. They found the solution from the
physicists' works on the formation of soap bubbles with equally distributing
loads and spanning distances with their inherent self-standing properties
(Carfrae, 2006). Beijing National Stadium — The Bird's Nest's design is
composed of two steps, Herzog & de Meuron’s natural source of inspiration is
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the pattern of veins of the stone which is planned to be used as a surface
pattern. However, the pattern reminds Ai Wei Wei of a similar one which also
has three-dimensional and self-standing properties (Zhang, 2008). Airport
Stuttgart Terminal 3 uses the tree-like support structures inspired from its
neighboring Black Forest as if the crown of trees are carried like a roof and
structural loads are transmitted through the branches and collected in the trunk
(Ahmeti, 2007).

Table 2. Analogical transfer between natural phenomena and building/component
design of the Watercube, The Bird’s Nest, and Airport Stuttgart Terminal 3.
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The third chunk covers an inseparable part of the form which is materiality.
The way natural constructions use the materials contained within their body is
considered as correspondences for achieving desired forms and structures with
their intelligent, adaptive, and effective use of materials (Di Salvo, 2018;
Menges, 2012), and sustainable and ecological solutions. Two built examples
that use the materials that can transfer materialistic properties of natural
precedents are David L. Lawrence Convention Center in Pittsburgh and BIQ
house. The first one uses the Superhydrophobicity, which enables the Lotus
plant to keep its outer surface of the leave dry and clean, to increase the
sunlight gain by rinsing away the dirt (Ensikat et al., 2011), in its hydrophobic
stainless-steel roof to reduce the cost of heating and cooling by controlling the
solar heat gain and stabilizing the solar reflection yearlong by its always clean
surface (Deuschle et al., 2018). The second one uses Photobioreactor algae in
its fagade system growing under specific heat and light conditions (Kim, 2013;
Mora, 2014). Although analogical transfer from algae to a building component
uses its material properties as design initiator; this material’s performance is
inseparable from it.

Table 3. Analogical transfer between natural phenomena and building/component
design of David L. Lawrence Convention Center in Pittsburgh and BIQ house.
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3.2 Performative aspects of Nature inspiring building designs

The behavioral characteristics of biological organisms are imitated
mechanically in buildings systems to perform in the similar ways that natural
phenomena did. These systems are intended to change their state against
environmental factors like sunlight, heat, wind, rain and change their initial
position according to predetermined (or tested and programmed) phases of the
process. We looked at two built examples inspired from the performative
aspects of the natural entities which are One Ocean Thematic Pavilion Expo
2012 and 30 St. Mary Axe: London, Swiss Re Tower — The Gherkin. One Ocean
Thematic Pavilion's design inspiration comes from the kinematics found in the
bird of paradise flower, an abstracted hingeless flapping device with a valvular
pollination mechanism, Flectofin that is created by Knippers Helbig Advanced
Engineering (Lienhard et al., 2011). The flectofin mechanism allows SOMA to
achieve a modifiable and adjustable fagade system to preserve interior
luminosity and temperature. The design inspiration of The Gherkin comes from
the Venus flower basket sponge whose exoskeleton glows like a glass lattice
underwater. The tower's structure is composed of lattice arranged exoskeleton
and arisen with its helical shape and diamond panelization is acquired for the
enclosure. The design process of the Gherkin also includes two stepped
analogical transfer from biology, the first step is used as a source of inspiration
for the latter. After the form and structure are designed the breathing
performance of sea sponges and anemones opening and closing the holes in
their bodies for ventilation were used as a reference for the passive ventilation
system achieved by the diamond-shaped glasses.

Table 4. Analogical transfer between natural phenomena and building/component
design of One Ocean Thematic Pavilion and the Gherkin.
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3.3 Building Design Inspirations from the Systematic Principles of
Nature

The systematic understanding and representation of nature allow researchers
and practitioners to join forces in the field of bio-inspired design. Researchers
conduct their studies on representing natural mechanisms that are abstracted
in the form of algorithms. In the design world, the algorithmic approach aims at
encapsulating the relation between the shapes and their relationship between
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the environments. Virtual environment, as a novel form of representation, is
seen as a non-physical world in which researchers can try to establish relations
existing in nature as forms, structures, behaviors (Chu, 2010; Frazer, 1995).

Eden Project is one of those examples which uses the logic of nature at the
ecosystem level by using multiple biological references belonging to different
analogical categories operating together as a system. The initial design idea
was to create a greenhouse where a vast of plants can be collected from
diverse climates and live together. To achieve that bubble structures were used
for their allowance to cover large span enclosures which can be self-standing,
and to climatize the enclosure, ETFE panels were used for the covering by their
lightness and allowance to the sunlight as in its biological analogous Dragonfly
Wings (Architecture at Eden, 2016).

Al Bahr Tower uses a specific systematic principle derived from nature. Its
reactive fagade is using the adaptive principles of flower petals, folding and
unfolding behavior in response to the sun, and reacting in the same way
according to the heat gain (Cliento, 2012). The biological principle of the system
was abstractly represented into design decisions as algorithmic inputs and
simulated to achieve desired envelope conditions that work with the real loads
of the structure.

Table 5. Analogical transfer between natural phenomena and building/component
design of the Eden Project and Al Bahr Tower.
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4 Discussion

The projects reviewed above were among the most striking cases from
architectural practice either by opening a new path for later studies and
constructions or by being the most advanced built examples. Using these
prominent examples have allowed us to make a categorization of biomimetic
approaches and understand analogical transfers used in different stages of
design processes. The tables presented above demonstrate the benefits of
making such categorization. First, the categorization shed light on the
interaction inside and outside of the categories. Like nature, building forms are
very much depending on the materials and specific structures. So, form,
structure, and materiality are the three inseparable constituents of any
construction, natural or human-made. Second, the categorization informs us

1316

SIGraDi 2021 | Designing Possibilities | Ubiquitous Conference



about the order of precedence, which eases to understand the hierarchical and
temporal relations occurring in between these categories (Table 2, 4).

The hierarchical and temporal relations -illustrated in tables- demonstrate
that the analogies constructed between natural entities and building design can
use simple or compound analogies. Single stepped analogical transfer can use
one or more design clues inspired by different aspects of a natural entity;
however, these aspects are belonging to same thing (Table 6).

Table 6. Single-step analogical transfer between natural phenomena and
building/component design.

form
structure
raterial

SOURCE TARGET

nature|

Compound analogies are composed of multiple analogical transfers,
constructing at least two analogies, or more referencing the previous one (Goel
et al., 2014). Design clue or clues of a natural organism has the potential in
leading to a design idea that can be reinterpreted and utilized to lead to further
insights that may be considered through a different natural phenomenon (Table
7). It can be said that the depth of these analogies is deeper than the single-
step analogies by looking at their level of abstraction. Moreover, including
multiple and distant domain analogies can allow designers to make unexpected
connections which can result in useful reinterpretations both in problem
evolution and inception.

Table 7. Single-step analogical transfer between natural phenomena and
building/component design.
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5 Conclusion

The classification of architectural approaches concerning their formulation in
bio-inspired design is examined within the body of this research. We proposed
a categorization according to the initial starting point for design inspirations. The
categories include inspirations from the physical properties of nature,
performative aspects of the nature that inspires building performances, and
inspirations from the systematic principles of nature. Rather than being a strict
classification, the categorization allows for permeability, which makes it
possible to evaluate biological analogies from a different perspective and
understand the analogical complexity behind the design solutions.
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