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Abstract: Building skins should host multiple functions for increased performance. Addressing this,
their design can benefit by learning from nature to achieve multifunctionality, where multifunctional
strategies have evolved over years. However, existing frameworks to develop biomimetic adaptive
building skins (Bio-ABS) have limited capabilities transferring multifunctionality from nature into
designs. This study shows that through investigating the principles of hierarchy and heterogeneity,
multifunctionality in nature can be transferred into biomimetic strategies. We aim at mapping
the existing knowledge in biological adaptations from the perspective of multifunctionality and
developing a framework achieving multifunctionality in Bio-ABS. The framework is demonstrated
through the case study of Echinocactus grusonii implemented as a Bio-ABS on a digital base-case
building. The methods include the Bio-ABS case study demonstrating the framework and simulating
the performance of the case study and base-case building to comparatively analyze the results.
The outcomes are a framework to develop multifunctional Bio-ABS and simulation results on the
performance improvement Bio-ABS offer. The performance comparison between the Bio-ABS and
base-case building show that there is a decrease in the discomfort hours by a maximum of 23.18%.
In conclusion, translating heterogeneity and hierarchy principles in nature into engineered designs is
a key aspect to achieve multifunctionality in Bio-ABS offering improved strategies in performance
over conventional buildings.

Keywords: biomimetics; building skin; multifunctionality; architectural design; building envelope;
adaptability; design framework; building performance simulation

1. Introduction

Building design has advanced through technological developments, making the design and
realization of innovative structures possible using new materials and construction techniques [1].
These breakthroughs in architecture helped building parts to host diverse functions, such as external
walls shifting from being mostly load-bearing structures to having alternative roles [2]. The building
skin now primarily acts as a thermal, acoustic, and visual barrier between the exterior and interior [3].
This change has seen the building skin heavily influence the building performance [4]. In response,
new technologies including biomimetic adaptive building skins (Bio-ABS) are emerging that can
adapt to changing environmental conditions, foster increased comfort, and reduce operational carbon
emissions [5,6].
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Using biological functions to design technical systems is called biomimetics [7,8]. Biomimetics is
used in developing Bio-ABS, due to the opportunities in transferring biological adaptations into the
design of climate-adaptable buildings [9-11]. There is extensive research in transferring biological
adaptations into Bio-ABS with multiple frameworks and case studies [12-18]. Some of these frameworks
are supported with resources such as databases or linguistic approaches [16,18-23]. Despite such
developments, there is still a need for defining strategies to translate multifunctional strategies from
nature into Bio-ABS, because environmental regulation in buildings often requires having multiple
functions [5,24,25]. Most published works explore developing biomimetic strategies focusing on
environmental adaptability, but are limited in addressing multifunctionality [10,26].

Multifunctional mechanisms in nature is achieved through the “natural design principles”
including heterogeneity and hierarchy [27-29].  Organisms have developed multi-layered
structures (hierarchy) with different morphologies of basic components (heterogeneity) to achieve
multifunctionality [29-32]. This paper aims at structuring and mapping the existing knowledge in
biological adaptations from the perspective of multifunctionality and developing a design framework
to achieve multifunctionality in Bio-ABS. To do so, we provide (1) an understanding of how to achieve
multifunctionality in building skin design through hierarchy and heterogeneity, (2) a systematic
classification of multifunctional properties in biological systems, (3) a framework for developing
multifunctional Bio-ABS, and (4) a case study of Echinocactus grusonii demonstrating the framework.

2. Existing Biomimetic Design Frameworks to Develop Bio-ABS

Several biomimetic design frameworks to develop Bio-ABS have been developed supported with
case studies [16,18-23]. Most of these frameworks have focused on biological adaptations, being
the main purpose of Bio-ABS [9,12,13,33]. However, it is important to fulfill multiple functional
requirements in buildings for improved performance. There is limited exploration of this in the
literature. However, nature offers ways to achieve multifunctionality, named the “natural design
principles”, yet to be significantly investigated in biomimetic design [30]. In this section, we review
and discuss the existing biomimetic design frameworks to develop Bio-ABS regarding to what extent
multifunctionality is addressed.

Most biomimetic design frameworks are applicable for use in architecture and some specialized to
design Bio-ABS. All frameworks comprise of phases either starting with a technical problem followed
by a biological solution (TD) or starting with a biological solution followed by a technical problem
(BU), and all ending with developing a biomimetic strategy (Table 1). Some include databases to search
for biological adaptations. The ones with no databases provide other means of investigation including
linguistic approaches to define commonalities between nature and design, systematic analogical
translation to find biological systems [18,22,23,34-37].

Biomimetic principles for the development of adaptive architectural envelopes, is based on
understanding plants adaptations at macro- and micro-scales to be abstracted into adaptive architectural
envelopes [13]. The framework focuses on dynamic mechanisms responding to external stimuli through
movement and static strategies with surface properties. A case study developed using the framework
is an adaptive architectural envelope inspired by plants genus Mesembryanthemum where seeds swell
with rain [9]. The design is triggered by rainwater as an opening system [13]. The opportunity in
this framework is addressing diversity in biological scales relating to hierarchy. This framework only
considers plant adaptations; therefore, it is exclusive of other living systems in different kingdoms.
Moreover, the mechanisms investigated are only triggered by external environmental influences
limiting the diversity in biological domain. Most importantly, this framework has not specified how to
combine multiple functions, either a combination of static and dynamic or otherwise.
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Table 1. List of existing biomimetic design frameworks (TD: Top-down, BU: Bottom-up).

Reference Biomimetic Design Framework TD BU Database
[20] BioTRIZ v v
[36] Design Spiral-Helix Model v

Computational Architectural Design Based on Biological
[37] . v
Principles

[38] Bioinspired Environmental Architectural Design v v
[39] BioGEN v v
[34] BioMAPS v

[40] Ecomimetic v

[41] New Product Development Process v

[42] The Law of System Completeness v v
[43] Idea-Inspire v v
[44] Design by Analogy to Nature Engine (DANE) v v
[45] Biomimicry Theoretical Model v

[13] Biomimetic Principles for the Development of Adaptive v

Architectural Envelopes
Transferring Plant Movements to Elastic Systems in
[46] . V4
Architecture

[17] Biomimicry 3.8 v v v
[35] Typological Analysis v v

[22] Analogical Translation v v

[23] Nature Studies Analysis v v

[47] Ecosystem for Biomimetic Design v v

[18] Engineering-to-Biology Thesaurus v v

Transferring plant movements to elastic systems is used to develop kinetic elastic architectural
systems inspired by plant movements [46]. A case study developed using this framework is Flectofin™,
a shading prototype inspired by the petal movements of the bird of paradise flower [48]. The device is
a hingeless louver system unfolding through a force. The success of this framework is investigating
and transferring dynamic adaptations in nature into architecture. This framework only focused on
plant movements and mechanical efficiency, it is limited in terms of multifunctionality. It could be, if it
investigates environmental triggers informing movements in nature, to develop Bio-ABS. However,
currently, the biological domain and biomimetic output can be triggered by the same stimulus, but they
may not host the same function. For example, petals of the bird of paradise flower move for pollination,
but Flectofin™ moves to provide shading. Moreover, this framework does not address how to integrate
multiple functions together. For example, would it be possible to combine two types of plant(s)
movements hosting different purposes and how?

“BioTRIZ” is a problem-solving method undertaken via a database of biological data [20,21].
The database’s purpose is to make biological information available in a language specific to engineering.
However, the process is out of biological context, meaning the strategies do not exist in nature, but as
theoretical ideas. For example, the surface segmentation trend is observed in nature as naturally
transparent ridged surfaces refracting light and becoming colored due to nanostructures. Such as
the Menelaus butterfly (Morpho menelaus) has transparent wings which look blue with sunlight. This
property could be transferred into functional surface structures. The success of this framework is
introducing heterogeneity through generalizing concepts. The limitation is the absence of the biological
solution and multifunctionality is not addressed. It could be, if this framework integrates how to
achieve multifunctionality in addition to identifying heterogeneity in nature.

“Biomimicry 3.8” offers a framework accompanied with an online database of biological strategies,
called AskNature [17]. AskNature contains over 1600 biological strategies and provides a taxonomy to
organize biological adaptations [19]. The steps applied in the process are called the”Design Spiral”.
The success of this framework is the database accessible to everyone, as a key aspect in investigating
biological strategies. The difficulty in adopting this framework is the lack of clarification in some stages;
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abstract, emulate, and evaluate. The abstraction stage is described as brainstorming ideas from nature;
emulation as seeking expert advice and evaluation as integrating life’s principles. These measures
are often complex and may be challenging for every design. The limitation of this framework is the
lack of integrating multifunctionality. It could be, if the AskNature database provides multifunctional
properties of organisms be used to design multifunctional strategies. This may require adding a step
in the ‘Design Spiral” on achieving multifunctionality.

‘BioGen’ is another biomimetic design framework [10,41]. It creates an exploration model
mapping functional aspects, relevant processes and influencing factors. The biological entities called
pinnacles are presented as examples for a specific function or process. An example of a case study
developed by using BioGen is the Shading/Energy Generating Skin, inspired by plants tracking sun
radiation, designed to tilt according to the angle of the sun [49]. While the creator of BioGen has
proposed a discussion on multi-regulation of the four environmental factors (heat, light, water, and
air) this is a theoretical approach and lacks further development. Multi-regulation is addressed by
mapping biological functions of the same living system regulating multiple environmental factors
dependently, i.e., ventilation is associated with heat regulation. This presents a success in addressing
multifunctionality, but its applicability is limited and must be fulfilled with examples. It may
also benefit addressing multifunctionality through combining functions of different living systems
(inter)dependently.

DANE is another framework exploring analogical reasoning in biomimetics [44]. DANE follows
the steps of defining the problem, searching for the biological solution, and applying the principle [50].
An example to this approach is the Shark Attack Project, designed to protect swimmers from sharks. Itis
inspired by pistol shrimp’s snapping mechanism that creates a sound. The design was a shark repellant
emitting sounds. The success in this framework is the identification of biological functions that gives
clues on the heterogeneous properties of organisms. The limitation is addressing multifunctionality,
either analogically or as design outcomes.

3. Achieving Multifunctionality through Natural Design Principles

During the course of evolution, living systems adapted their character to meet changing
environmental conditions by multifunctional strategies [30]. The result is a compromise satisfying
partially conflicting requirements; known as trade-offs [51,52]. A trade-off is having multiple functions
through diminishing one property in return for gains in others [53]. The functional requirements of
conventional buildings are complex and often contradictory and during the life cycle of a building, they
must be adapted to changes [54,55]. Some examples of these functional requirements include decreasing
solar gains, while providing views and improving illuminance levels [26,56,57]. These strategies
are still mostly handled as isolated components that are monofunctional. One way to address this
challenge is using biomimetics, as in nature, multifunctional trade-off strategies have been developed
through evolution [58]. Multifunctionality is well understood in biology; however, its translation into
architecture remains limited [24]. In this section, we present and discuss opportunities to achieve
multifunctionality in biomimetics through the “natural design principles” (Figure 1). We include
hierarchy (multi-scale) and heterogeneity (multidimension) and adaptability in this study. Beyond this,
there remain opportunities to explore multifunctionality through other processes including anisotropy,
redundancy, and more [59].

3.1. Adaptability in Nature and Bio-ABS

Adaptability is the ability of an organism to respond to changing internal or external conditions [60].
Most organisms have evolved various morphological, physiological, and behavioral adaptations to
survive in their habitats. For example, plants exchange water vapor to decrease their internal
temperatures during hot periods through their stomata. This is a means of diffusing useful gases for
photosynthesis and to discharge excess materials to dissipate heat [61]. Depending on the natural
habitat, stomata show various adaptations [62] (Figure 2). In some plants such as cacti and succulents,
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stomata are positioned on the epidermal (outmost) layer of the stem as they have minimal leaves to
maintain a low surface to volume ratio. While in most plants, stomata are located on the leaves to ease
the process of photosynthesis. The number of stomatal openings varies in different species according
to the climatic influences as stoma loses water. For instance, desert plants lack in stomata while tropical
plants have higher numbers of stomata [62-64].

—

Natural design principles

Adaptability Hierarchy Heterogeneity Anistropy Redundancy
—r — ~— — — —

Figure 1. Some of the natural design principles as an ever-growing classification, where the last item in
the list presents continuity.

Figure 2. Stomatal adaptations in plants by changing size and density.

In engineering and design this is different, where a system is often designed to achieve one
function and it does not reconfigure itself. Therefore, the strategy is static, where a design is made
and must satisfy all needs during the lifetime [13]. However, adaptability in building skins learnt
from nature is an emerging topic with many examples. Some examples of Bio-ABS include the
Homeostatic Facade System that is an adaptive shading component, changing its shape according
to solar radiation levels [65]. Also, the Ocean Pavilion, a full-scale application of the shading device
Flectofin™, regulates solar irradiance levels by an automated hingeless mechanism [66] (Figure 3).
Other examples, the HygroScope and HygroSkin, can change their morphologies through the changes
in humidity by hygroscopic material properties of wood [67,68].

Figure 3. Schematic illustrations of some Bio-ABS examples, from left to right; the Ocean Pavilion in
closed and open configurations, and Flectofin™ in closed and open configurations.

3.2. Achieving Multifunctionality through a Multi-Scaled Hierarchy

Hierarchy is having functional features in a multi-level structure from nano-to-macro scales.
Having differentiated scales allows organisms to develop multiple functional adaptations at various
levels. For example, adapting the form of an organ such as a tree branch is one level of adaptation,
and a second is the microstructures of the tree bark’s material [69] (Figure 4). This dual optimization
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is well known as a strategy for solving engineering problems. This approach can be combined with
adaptability and achieve multifunctionality in Bio-ABS. An example to hierarchy in nature is seen in
trees. The shape of a branch is created by the assembly of molecules to cells and of cells to wood with a
specific shape. Therefore, at every scale, the branch is both form and material, where the materials
compose the form; therefore, the biological structure becomes hierarchical [70]. It is important to
note that tree bark and tannins is categorized under hierarchy due to being a material at a small scale
covering the larger scaled tree bark. The adaptations of tannins are dependent on its scale, not its form.

Figure 4. A tree trunk and tannins. Photo by Madeleine Maguire on Unsplash.

Hierarchical biological structures can be adopted to achieve multifunctionality in architecture
through multi-scaled structures with multiple uses. For example, building systems at a larger
hierarchical level can host one function and its material at a smaller scale can host another. This can
be explained through the hierarchical components of a conventional fagade (Figure 5). The external
walls are at the large hierarchical scale as the enclosure of a building. The windows on the external
walls are smaller and provide external views. The window openings are even smaller and provide
ventilation. The glazing material of the windows is at the smallest scale, limiting solar gains or light.
The combination of these components at difference scales creates a fagade with multiple functions.
Therefore, through using hierarchical scales in conventional systems with adaptability, it is possible to
achieve multifunctionality in developing Bio-ABS.

SCALE ELEMENT FUNCTION
LARGE EXTERNAL | ENCLOSURE OF
Py WALL ABUILDING
PROVIDING
WINDOW EXTERNAL VIEWS
WINDOW PROVIDING
OPENING VENTILATION
GLAZING LIMITING SOLAR
MATERIAL | GAINS OR LIGHT
SMALL

Figure 5. Hierarchical components on a conventional fagade system at diverse scales including external
walls, windows, window openings, and glazing material.
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3.3. Achieving Multifunctionality through a Heterogeneous Geometric Differentiation

Heterogeneity is characterized by a geometric differentiation of elements in multi-dimensional
structures hosting different functions with various forms. [30]. Form and function are interrelated in
nature. As such, it is almost impossible to separate one from another. Nature uses shape or form,
rather than added material and energy, to meet functional requirements. This allows the organism
to accomplish its needs using a minimum of resources [7]. In addition, chemical and structural
heterogeneities play an important role in allowing local adjustments to be integrated.

There is often a functional reason behind a form in nature. For example, the carnivorous plant
Venus flytrap (Dionaea muscipula) has a cup-shaped leaf that catches insects with a mechanism trapping
prey in (Figure 6). There are small hairs or cilia that are sensory organelles on the leaves. A slight
disturbance of the cilia by an insect triggers the collapse of the leaf. This mechanism, called snap
instability, is achieved by its shape, and its kinetics has been studied by researchers and transferred
into shading devices [30,71,72]. This shape of leaves helps the plant save energy when moving. It is
important to note that as the function of the cilia is achieved by their form rather than their scale, this
adaptation of the Venus flytrap is categorized under heterogeneity.

Figure 6. Venus flytrap (Dionaea muscipula) with its specialized cilia. Photo by Gabriel on Unsplash.

Heterogeneity can be adopted into architecture to achieve multifunctionality through having
various morphologies. For example, different geometrical forms with diverse functions can be
integrated in a system. This can be explained through the heterogeneous components of a conventional
roof (Figure 7). The roof itself functions as the top covering of a building and the eaves are the edges
of the roof which project beyond the side of a building. The eaves function as shadings and through
their geometric differentiation from the roof, the system becomes multifunctional. Therefore, through
combining the use of heterogeneous scales in conventional systems with adaptability, it is possible to
achieve multifunctionality in developing Bio-ABS.

3.4. Integrating Hierarchy and Heterogeneity Together

Hierarchy through scales and heterogeneity through form in nature is developed in various
complexities much further than the human eye can detect. In many cases, color and light transmittance
or refraction is achieved by nano-scaled ridges, combining the principles of hierarchy and heterogeneity
together. For instance, Morpho menelaus has transparent wings that are covered with micro scaled
structures forming a textured pattern that diffuse light to achieve its color (Figure 8) [73]. This is a
more efficient solution than having pigments, which in time can lose their properties or require energy
to maintain. The wings function as means of flight bodies. The micro-scaled ridges add the wings an
additional function, by having hierarchical elements. The wings being the larger-scale flight function
and the ridges being the micro-scaled colorists therefore becoming heterogeneous [74,75].
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Figure 7. Heterogeneity in a conventional roof structure showing the heterogeneous forms of the roof
and eaves.

Figure 8. From left to right: Morpho Menelaus, its wings, micro-scaled structures forming a pattern over

the wings, a single scale of Morpho Menelaus and a scale showing a few ridges giving color. Photo by
Damon On Road on Unsplash.

Hierarchy and heterogeneity can be integrated together in achieving multifunctionality into
architecture through differentiating functions at diverse scales and geometries. Similar to Morpho
menelaus, a building can host a function on its different elements situated at diverse scales and on its
functional surfaces differentiated by various geometries. For example, in conventional structures, this is
achieved through having the hierarchy of system, component, material at diverse scales added together
with surface structures as differentiated geometries. In this way, the traditional hierarchical parts of a
building are formed. Then, the material properties of the specialized surfaces, i.e., nanostructured
surfaces, are used at as small scale of the hierarchy. The material property adds heterogeneous forms
in the hierarchy and therefore the whole system achieves multifunctionality through hierarchy and
heterogeneity (Figure 9).

< S

. SURFACE  DIFFERENTIATED |

SYSTEM COMPONENT SUBE‘VJVCI’N""DPOOV'\‘I‘ENT SURFACE '\ STRUCTURE  GEOMETRY
(FACADE) (WINDOW) e (GLAZING) \_ (GLAZING (MATERIAL -
\\MATERIAL)  PROPERTY).’

HETEROGENEITY

Figure 9. How buildings can achieve multifunctionality through integrating hierarchical building
components with heterogeneous forms of material properties.
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4. Methodology

Several research methods are used in this study to achieve multifunctionality in Bio-ABS and to
measure the benefit of implementing multifunctional Bio-ABS in buildings. These methods include
the following.

(1) Literature review, synthesis, and comparative analysis of the existing biomimetic
design frameworks.

(2) The case study of Echinocactus grusonii demonstrating a new biomimetic design framework to
achieve multifunctionality in Bio-ABS.

(3) Building performance simulation of a digital base-case building model and the case study of a
multifunctional Bio-ABS.

(4) Comparative analysis of the simulation results showing the improvement in thermal comfort
multifunctional Bio-ABS offers.

The literature review, synthesis, and comparative analysis of the existing design frameworks aim at
identifying the research gaps in developing Bio-ABS. In doing so, they draw attention to the limitations
and successes of existing frameworks to develop Bio-ABS and outline whether multifunctionality is
addressed. However, it is found that achieving multifunctionality with existing frameworks remains
a gap, and to address this, a new framework is proposed. Therefore, as a method, framework is
used in order to address the challenges faced in developing multifunctional Bio-ABS. Frameworks,
in general, provide a holistic approach to address specific problems or challenges and they present the
opportunity to be further improved as validated methodologies. To aid the framework developed,
a preliminary database is created by mapping multifunctional mechanisms of organisms through
a systematic classification as a growing source of multifunctional biological mechanisms. The new
framework presents a process to develop multifunctional Bio-ABS using the database. Furthermore,
a case study of Echinocactus grusonii (golden barrel cactus) implemented on a naturally ventilated
educational building modeled digitally is developed through the demonstration of the new framework.
This case study provides an example to use the database and framework to develop multifunctional
Bio-ABS by translating the natural design principles of hierarchy and heterogeneity.

The digital base-case building is taken from the repository of U.S. Department of Energy that
provides models for various building types. The building type selected is educational to investigate
problems associated with comfort in schools, as most existing studies focus on office and commercial
buildings [76-82]. Building performance simulation (BPS) of the digital base-case building targeting
thermal comfort through the Adaptive Comfort Model applicable to naturally ventilated buildings
is performed. The multifunctional Bio-ABS case study is implemented on the base-case building,
replacing its windows. The software used to model and simulate the base-case building and case study
is EnergyPlus. This was chosen as it provides a flexible input-output interface to model multifunctional
facades using the built-in tool Energy Management System (EMS). EMS has customizable input objects
that is suitable to model adaptive facades [79,83,84]. A comparative analysis for the BPS results of
the base-case building and Bio-ABS case study is made to draw out the improvements in comfort
multifunctional Bio-ABS offer over conventional buildings.

5. Classification of Biological Mechanisms for Multifunctionality Bio-ABS

This section presents a database mapping multifunctional properties of organisms. To do so,
we classified biological mechanisms in terms of multifunctionality. The classification is comprised of
three layers in Table 2:

(1) Named species presenting the biological system,

(2) adaptability presenting the type of biological adaptations, and

(3) multifunctionality presenting biological functional strategies divided into hierarchy and
heterogeneity sub-categories.
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Table 2. The classification parameters of biological mechanisms for achieving multifunctionality in
developing Bio-ABS.

Layer Scope Parameters

Biological system -

1. Species
Scientific name -
Stimulus Physical
2. Adaptability Chemical
Process Dynamic
Static
Heat
Environmental Light
factor Air
Water
Energy
3. Multifunctionality Maintain
Function Exchange
Gain
Lose
Biological mechanism
Mechanism Functional strategy
Performance measure
Pre-cellular Atom, molecule
2o Hierarch Biological Sub-cellular Organelle
o Y organization scale ~ Cellular Cell
Multicellular Tissue, organ, organism
Ecological Ecosystem, biome
Form
Morphological Structure
Ad . Texture
3.b. Heterogeneity aptation type Chemical response
and level Physiological P

Trait

Kinetic response
Behavioral Tropism
Nastic movement

5.1. Species and Adaptability Layers

The species layer comprises the name of the biological system and its scientific name. The stimulus
presents the set of triggers biological mechanisms respond to, defined as physical and chemical.
Physical stimuli refer to the internal and external environmental triggers including the changes in
environmental factors. These range anywhere from heat, light, to water content. Chemical stimuli
refer to physiological triggers detected by a receptor. Chemical stimuli promote internal responses
including changes in pH. Adaptive features of living systems occur as either dynamic or static
processes, demonstrating the kinds of changes. A dynamic process relates to motion such as behavioral
adaptations. In static processes, no change is present. Examples include nanostructured textural
features of living systems such as waxy surface structures of water lily (Nymphaeaceae) and lotus
flower (Nelumbo nucifera) keeping them dry off the water [85,86].

5.2. Multifunctionality Layer

5.2.1. Environmental Factor, Function, and Mechanism

The environmental factor refers to climatic variables that biological mechanisms control,
categorized as heat, light, air, water, and energy. For example, heat includes surface or body
temperature (referred as thermoregulation in living systems), absorption, and dissipation of heat. Light
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is related to the impact and management of solar irradiance and radiation including light intensity,
reflection, refraction, and absorption. Air is related to air and gas management including oxygen
intake, air flow and gas exchange. Water is related to water content in the body or in the air or the
surrounding environment of a living system including absorbing the moisture from the air, diffusion
of moisture, and waxy surfaces to hold moisture over the surface. Energy is related to the generation
and conservation of energy.

The function describes the control that biological mechanisms host over the environmental factors.
These include gain, lose, maintain, and exchange. Gain refers to absorbing, warming up, and enhancing;
describing an increase. Lose is the opposite of gain, referring to reflecting, refracting, cooling down,
and evaporation; describing a decrease. Maintain refers to managing, intensifying, and thermal
regulation; describing a certain variable is remained as a constant. Last, exchange refers to absorbing,
taking, and filtering; describing the simultaneous emergence of gain and lose.

The biological mechanism is the driving force of the classification that presents the functional
characteristics of living systems. Examples of biological mechanisms include self-shading areoles and
spines of cacti, and shrinking and swelling stem structures of succulents [87]. A functional strategy
refers to the performative role played by an organism’s adaptations. Examples include maximizing
the amount of light reflected, passive ventilation through altering air pressure and thermoregulation
through retaining absorbed heat [88].

5.2.2. Hierarchy

Biological organization is the hierarchical order of biological systems, extending from atoms
to biospheres Each level in the hierarchy represents an increase in organizational complexity, with
each ‘object’ being composed of the previous level’s basic unit. The basic principle behind the
organization is the concept of emergence: the properties found at a hierarchical level are not present
and irrelevant at the lower levels. In most simple terms, the biological organization level relates to
the level at which the biological mechanism is part of a living system (Figure 10). Organisms achieve
multifunctionality through having multiple functions located at their hierarchical multi-level biological
structures. To promote biomimetic strategies with multiple functions, the biological levels of those
biological mechanisms are identified. This categorization aims at presenting how diverse functions are
combined in living systems and gives clues to creating corresponding technical systems. For instance,
if a biological mechanism is situated at a cell level, it can be combined with another mechanisms that is
located at a different level such as organ or organism [34].

Ecological levels

Super- *Population
cellular *Community or
Cellular (multicellular  pjocoenosis
levels ) level +Ecosystem
Sub-cellular Cell ,g:;:ﬁ *Biome
level
*Organ
*Organelle system
Pre-cellular level *Organism
* Atoms
*Molecule
*Biomolecular
complex

Figure 10. Biological organization scales.
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5.2.3. Heterogeneity

Morphological adaptions occur through the changes in the morphology of an organism. Examples
include the movement of wooden-like scales of the big pine cone (Pinus coultieri) when the water
content in the air fluctuates to manage moisture. In morphological adaptations, form is related to
the size or shape of an organism. Structure relates to a structure of an organism, as biological spatial
and structural material-systems. Examples include shell structures such as the sea urchin (Echnoidea)
and sand dollar (Clypeasteroida). Texture results from segmentation trends of biological surfaces of
an organism. Examples include thorny fruit trees such as durian, to provide self-shading with scale
structures [89].

Physiological adaptations occur through internal changes of an organism. Examples include
Crassulacean Acid Metabolism in cacti, a carbon fixation pathway where the stomata remain shut
during the day to reduce evapotranspiration, while open at night to collect carbon dioxide to diffuse
into cells. In physiological adaptations, trait relates to phenotypic characteristics of an organism as
results of the evolutionary processes. Examples include the eye color as a character of humans, while
blue, brown, and green colors are traits. Chemical processes result from internal chemical processes of
an organism. Examples include the physiology of stomatal openings facilitating gas exchange through
a pair of specialized guard cells [61].

Behavioral adaptations are changes in the behavior of an organism, mostly resulting in movement.
Kinetic response is the movement in living systems other than plants. Examples include kangaroos
(Macropodidae) licking their paws for evaporation and crouching into smaller position for decreased
heat gain. Nastic movement is plants’ response to an external stimulus (i.e., temperature, light,
and chemicals) independent from its direction. Examples include thermonasty of tulips (Tulipa),
closing and openings according to the changes in temperature and thigmonasty of wood sorrels
(Oxalidaceae) as a response to vibration. Tropism is plants’ response to an external stimulus (i.e., oxygen,
sun, and humidity) depending on its direction, as opposed to nastic movement. Examples include
hydrotropism such as tomato roots, the tendency to grow towards higher moisture content (Figure 11).
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Figure 11. Examples of adaptations or characteristics from left to right; in morphology—succulent’s
form, sea urchin’s structure, durian’s thorns; in physiology—eye color trait, photosynthesis of stoma;
in behavior—licking paws for evapotranspiration, thermonasty, and phototropism.

5.3. Examples of Classified Biological Systems

In an attempt to demonstrate this systematic classification, we mapped biological systems in a
preliminary database’ for achieving multifunctionality in biomimetic designs (Table 3). The biological
systems are organized to present their multifunctional properties, giving insight to their hierarchical or
heterogeneous structures. The classification and the database are to be used as part of the framework
proposed in this paper further. The table presented below provides the information on an extract
(sixteen entries) from the database. The database in its current format consists of 43 entries and it is yet
to be complete as a growing source of multifunctional mechanisms of biological systems.

1
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Table 3. A preliminary mapping of several biological systems through the systematic classification.

(in stimulus P: physical, C: chemical; in process D: dynamic, S: static; in biological organization scales

O: organ, T: tissue, C: cell; in adaptation types M: morphological, P: physiological, B: behavioral; in
adaptation levels F: form, S: structure, TEX: texture, CR: chemical response, KR: kinetic response,
NM: nastic movement, TRO: tropism; N/A: Not available). Information is gathered from various

sources [6,8,12,13,50,89-110].

Species Adaptability Multifunctionality
O?lgﬁilact?clm Adaptation Adaptation
Biological System Stimulus  Process Function Mechanism & Scale Level Type
(Hierarchy) (Heterogeneity)  (Heterogeneity)
Australian Banksia - Ménaglng UV radiation,
a Maintain/Exchange high ambient summer .
Seeds (Banksia P D . T P Trait
light and heat temperatures by crack
attenuata) X
openings
. L Translucent and colored
N/A S Gam/M;m}tjm/Lose patterned epidermal T P Trait
. & windows on the leaves
Stone Plant (Lithops) . S—
Gain/Maintain Shrinking and swellin,
P D waterLoose/Maintain 8 8 O M F
leaves
heat
Saharan Silver Ant s . e reﬂect‘ly Sheie
. Maintain/Lose light  and grooves reducing heat
(Cataglyphis P D ) . T M TEX
u and heat absorption, reflection, and
bombycina) R
refraction
L . Highly reflective shell
Desert Snail N/A S Mamtalg/iosi light surface allowing (€] P Trait
(Sphincterochila and hea conduction
boisseri - - -
0isseri) P D Maintain heat Layer of ms.ulatmg air o B KR
cushion
Glass Snail L . Glossy translucent shell
(Oxychilus N/A S R S called glass house allowing (€] P Trait
; and heat
draparnaudi) reflectance
R Wings scale structures
Maintain light and .
Butterfly—Menelaus P D heat allowing strluctural O M TEX
coloration
Blue Butterfly - - -
Microscopically thin layers
(Morpho menelaus) N L .
N/A S Gain ener of film (chitin) on wings O P Trait
8y absorbing energy/infrared
light
Tannins on the bark surface
N/A S Maintain light and managing optical T P Trait
heat properties through
Bark of Trees nanostructures
Rough bark surface
Maintain air, light, ~ producing shadowed areas
N/A S and heat amongst the illuminated T M TEX
Lose light and heat ones, stimulating
convection of air
Swelling and shrinking
Maintain water cortex achieving high
Cactus-Barrel cactus P D Lo © licht and }? at surface to volume ratio (@] M F
(Echinocatus se 18 © through the ribs structured
grusonii) stem
Self-shading areoles and
N/A S Lose light and heat spines over the cortex T M TEX
epidermal layer
Stoma C D Exchange ‘heat, air,  Microscopic and pe?rmeable c P CR
and light stomatal openings
Maintain/Exchange ~ Open/closed configurations
r D light and water of the shell T B KR
Camel (Camelus) Hygroscopic nasal passages
Maintain/Lose heat  cooling exhaled air during .
r D Exchange water night and extracting water T r Trait
vapor from air
Mamt:;l]r; t: iat el Managing water content
Spurge (Euphorbias) N/A S Lose heat and heat through waxy T P Trait
. surface covering the stem
Gain water
Curling movement of the
Maintain/Gain heat leaves triggered by heat
Rhoi(e);i::sdron P D Maintain water allowing the reduction of O B TRO
Lose light and heat the total quantity of light
absorbed by the leaf
Special structures
Maintain/Lose light ~ absorbing solar radiation,
Fern Leaves A g Gain energy and managing light by € i SR
reflection and refraction
C D Exchange air and Permeability of outer leaf c P CR

water

surface allowing diffusion
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Table 3. Cont.

Species Adaptability Multifunctionality
O]rgl(;i?i%:t?l n Adaptation Adaptation
Biological System Stimulus  Process Function Mechanism gSCale © Level Type
(Hierarchy) (Heterogeneity)  (Heterogeneity)

Gain heat light Long, transparent, hollow

N/A S L. . guard hairs scattering and T M TEX
Polar Bear (Ursus Maintain/Lose light reflecting sunlight
maritimus) o Dense underfur, darkly
N/A S Maintain light and pigmented skin, and T P Trait
heat .
blubbering
P 9 . Movement through the
Big pinecone (Pinus P D Exchange Yvater, air, et ety o T M TEX
coulteri) and light
wooden scales
Gain/Maintain Swelling and shrinking
Succulents P D water cortex achieving high O M F
Lose light and heat surface to volume ratio

6. Developing a Framework to Achieve Multifunctionality in Bio-ABS

To achieve multifunctionality in Bio-ABS, a framework called the ‘Multi-Biomechanism Approach’
is proposed. This is a top-down approach focusing on technical problems to be solved through
biological inspiration. It is comprised of four stages (Figure 12):

(1) Identifying a technical problem.
(2) Selecting a biological solution.

(3) Achieving multifunctionality.

(4) Developing a biomimetic strategy.

Each stage is comprised of sub-stages, which are facilitated by the classification of multifunctional
biological mechanisms as outlined in Table 3. Stage one is comprised of the two sub-stages of selecting
a base-case scenario that includes a location, the climate, and the performance analysis of that base-case
scenario and identifying functional requirements to improve the performance. Stage two is comprised
of matching functional requirements of the base-case scenario with a corresponding biological system
found in the database. A suitable biological system with multifunctional properties is selected to
serve as a case study. Stage three is comprised of outlining the properties of the chosen biological
system as hierarchical and heterogeneous structures to achieve multifunctionality. This includes the
identification of biological organization scales, adaptation levels and types of the chosen biological
mechanisms. Stage four is comprised of designing a Bio-ABS with functions at diverse scales and with
different geometries. In doing so, several configurations of the Bio-ABS are produced, and actuation
mechanisms are presented that deliver climate-adaptability. Further details on how to perform the
stages of the framework are described thoroughly in the following sections of this paper with a case
study demonstrating its use.

6.1. Stage 1: Identifying Technical Problems

The identification of technical problems involves identifying optical, acoustic, and energetic
controls over a base-case scenario. This is achieved through selecting location, climate, and a base-case
building to identify functional requirements. A performance analysis of the base-case is proposed to
define the functions required, such as through building performance simulation. The functions defined
are suggested to use a simplified language as maintain, exchange, lose, and gain; of the environmental
factors as heat, light, air, water, and energy. For instance, results of a performance analysis may suggest
that cooling energy loads are relatively high. This indicates heat regulation through the function lose
can be investigated as thermoregulation in organisms.
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Figure 12. The multi-biomechanism approach and its stages. (1) Identifying technical

problems, (2) investigating biological solutions, (3) achieving multifunctionality, and (4) developing
biomimetic strategies.

6.2. Stage 2: Investigating Biological Solutions

The second stage is to find solutions in nature that respond to similar problems as identified in
Stage 1. This stage is comprised of matching functional requirements, investigating corresponding
biological mechanisms, and selecting biological models. To match functional requirements between
the base-case building and nature, the same terms for functions (maintain, exchange, lose, and gain)
and environmental factors (heat, light, air, water, and energy) are suggested to be used.

6.3. Stage 3: Achieving Multifunctionality

The third stage is to achieve multifunctionality through selecting multiple biological mechanisms,
situating mechanisms at diverse scales, and developing actuation mechanisms. Multiple biological
mechanisms whether they belong to the same biological model or not, should be selected to develop
a multifunctional system. The significance in this stage is to employ hierarchy or heterogeneity as
drivers. This means either situating the selected mechanisms at diverse scales, or selecting diverse
types of morphological, physiological, or behavioral adaptations in a heterogeneous structure.

6.4. Stage 4: Developing Biomimetic Strategies

The final stage is developing biomimetic strategies, comprised of developing a fagade design,
selecting smart materials as actuators, and producing configurations. For example, the Stone Plant
(Lithops) maintains light levels through its translucent and colored structures. This mechanism can be
transferred as a texture changing its light transmittance. Moreover, the opening movement of stomata
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is a dynamic process that relates to a motion happening at a cellular scale. These mechanisms can be
combined together and translated into a potential Bio-ABS design.

7. The Case Study of Echinocactus grusonii

This section describes the case study of a multifunctional Bio-ABS following the four stages of the
Multi-Biomechanism Approach. The case study of Echinocactus grusonii is implemented on a digital
reference building through translating its multifunctional properties using the concepts of hierarchy
and heterogeneity. Further on, building performance simulation of the base-case building before and
after implementing the multifunctional Bio-ABS case study is conducted. A comparative analysis of
the simulation results is presented showing the performance improvements.

7.1. Stage 1: Identifying Technical Problems

To determine the technical problems in a base-case scenario, a climatic context with a location and
reference building must be selected. A base-case scenario is selected in Sydney, Australia, with humid
warm temperate climate characterized by warm summers and cool winters [111]. A digital reference
educational building from the United States Department of Energy repository was selected to serve as
a base-case model [112]. The building type selected is educational to investigate problems associated
with comfort in schools, as most existing studies focus on offices and commercial buildings [78-84].
The reference building was located in Atlanta, USA, as Atlanta shows climatic similarity to Sydney.
It is anticipated that the geometry of the reference building is suitable for a similar climate.

The reference building is simulated using the software EnergyPlus, in which the building was
already modeled. The simulation results are presented further in this section in ‘7.5. Comparative
analysis of environmental performance evaluation’. As results of the simulation, technical problems in
the building are identified. The technical problems are defined as excessive heat, need for cooling, and
high solar gains. The problems are revised using the simplified language specified in the framework.
The translation of excessive heat is described as to lose and maintain heat, the need for cooling as to
gain and exchange air, and high solar gains as to lose and maintain light (Table 4).

Table 4. Defining technical problems as functional requirements.

Technical Problem Functional Requirement
Excessive heat Lose/maintain heat
Need for cooling Gain/exchange air
High solar gains Lose/maintain light

7.2. Stage 2: Investigating Biological Solutions

A search for the functional requirements resulted with several biological systems including
Echinocactus grusonii, Pinus coultieri, and succulents. The search for three different functions in the
database is performed to investigate various biological mechanisms. The first function (air regulation)
results with 11 entries including Echinocactus grusonii, big pine cone (Pinus coulteri), stomata, succulents,
and barnacles (Chthamalus stellatus). The second function (light regulation) results with 33 entries
including Echinocactus grusonii, Pinus coulteri, succulents, Mimosa pudica, Lithops, and Saharan silver
ant (Cataglyphis bombycina). The third function (heat regulation) results with 43 entries including
Echinocactus grusonii, Pinus coulteri, stomata, succulents, Mimosa pudica, Lithops, and Cataglyphis
bombycina. The functions are as listed below.

(1) Function IN (“Exchange’, “‘Gain’) AND “Environmental Factor’ = “Air’,
(2) Function IN (‘Lose’, ‘Maintain”) AND “Environmental Factor” = ‘Light’
(3) Function IN (‘Lose’, “‘Maintain’) AND ‘Environmental Factor’ = ‘Heat’
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As results of the search, three biological systems are found in the intersection with corresponding
strategies. These are Echinocactus grusonii, Pinus coulteri, and succulents. In addition, cacti and
succulents have their stomatal openings situated on the external layer of their epidermis, which forms
a hierarchical adaptation at a smaller scale of the stem. In Pinus coulter, stomata are situated on the
leaves that are part of the tree instead. Pinus coulteri exchanges water, air, and light by a response
to moisture. It presents a movement through the movement by the wooden scales, which results in
one type of morphological adaptation as a texture. Succulents gain and maintain water; lose light
and heat through swelling and shrinking cortex, similar to cacti. However, this results in one type of
morphological adaptation as a form of an organ. However, Echinocactus grusonii not only achieves
what succulents do through a similar adaptation with a different form, and have their stomata on their
stem different to pine cone, but it also loses light and heat through its self-shading areoles and spines.
This additional morphological adaptation is a texture. Therefore, Echinocactus grusonii is chosen among
the three biological systems as it provides two morphological adaptations at diverse hierarchical scales
(organ and tissue) and has different textural heterogeneous structures (areoles and spines).

Some of the adaptations of Echinocactus grusonii involve the swelling and shrinking movement
and high surface-to-volume ratio of the stem, self-shading areoles, and spines over the cortex as a
morphology; and the microscopic stomatal openings as physiological mechanisms (Table 5). The cactus
stem swells, shrinks, and maintains a high surface-to-volume ratio, through the unique ribs structure.
Studies show that Echinocactus grusonii can expand up to 54% of its initial surface area [105,109]. At the
shrunk state, self-shaded areas in between the ribs help cool the surface temperatures down. The
surface-to-volume ratio increases as the cactus gets larger, losing heat and light. There are areoles on
the cortex out of which grow spines, self-shading and creating cooler microclimate. Studies show that
Echinocactus grusonii can achieve up to a difference of 17 °C in winter and 25 °C in summer between the
surface and air temperatures through these morphological adaptations [64]. Stomata are microscopic
pores on leaves to transpire water and exchange air and heat, but in cacti they are placed directly on
the stem. Echinocactus grusonii has 15 to 70 stomata per square millimeter [103].

Table 5. Echinocactus grusonii and its properties. (in stimulus P: physical, C: chemical; in process D:
dynamic, S: static; in biological organization scales O: organ, T: tissue, C: cell; in adaptation types M:
morphological, P: physiological; in adaptation levels F: form, TEX: texture, CR: chemical response; N/A:

Not available).
Species Adaptability Multifunctionality
Olrglzlnoiiict?(l)n Adaptation Adaptation
Biological System Stimulus ~ Process Function Mechanism 8 Scale Type Level
(Hierarchy) (Heterogeneity)  (Heterogeneity)
Swelling and shrinking
Maintain water cortex achieving h1gf_1
P D . surface to volume ratio (6] M F
Cactus-Barrel cactus Lose light and heat .
. through the ribs structured
(Echinocatus
.. stem
grusonii)

Self-shading areoles and
N/A S Lose light and heat spines over the cortex T M TEX
epidermal layer

Exchange heat, air, ~ Microscopic and permeable

Stoma C D and light stomatal openings

7.3. Stage 3: Achieving Multifunctionality

The mechanisms of Echinocactus grusonii are situated at diverse scales of biological organization
and differentiated morphologies. For example, the swelling and shrinking cortex is a morphological
adaptation that hosts the function of losing heat by the differentiated form of the ribs” structure
covering the cortex over the spherical stem. This is an example of heterogeneity in nature. Moreover,
the self-shading areoles and spines are morphological adaptations as a differentiated form of texture
over the ribs presenting heterogeneity. On the other hand, the microscopic stomatal openings operate as
physiological adaptation. All three adaptations are situated at different scales of biological organization:
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stomatal openings at the cellular level and areoles and spines at the tissue and ribs structured cortex
at the organ levels. This shows an example for hierarchy in nature. Therefore, the translation of the
cortex can be activated by heat and light. Being at the largest level among the mechanisms, it may be
transferred into a larger spatial scale. The translation of the stomatal openings may work in conjunction
with the ribbed stem, regulating heat and light. This mechanism can be transferred as openings at a
medium-level spatial scale for air intake, activated by temperature. The areoles and spines regulate
light through creating a texture over the cortex, activated by light. This mechanism can be translated at
a smaller scale such as sub-component (Figure 13).

HIERARCHY

SMALL

HETEROGENEITY

Figure 13. Multifunctionality through hierarchy and heterogeneity in Echinocactus grusonii.
7.4. Stage 4: Developing Biomimetic Strategies

The selected mechanisms of Echinocactus grusonii are translated into a facade design to improve the
performance of the base-case scenario. The ribbed stem is translated into a morphology regulating heat
by expanding and contracting triggered by temperature difference. As the form of a stem is a sphere
but through giving it dimension by the ribs, it becomes geometrically heterogeneous and hosts another
function of shading. This achieves cooling between the ribbed surfaces instead of reaching extreme
temperatures otherwise without ribs. The self-shading areoles and spines texture is translated into an
opacity-changing glazing (photochromic) regulating light and solar gains triggered by solar radiation.
The photochromic glazing chemically changes its properties various solar heat gain coefficient and
visible light transmittance values to different levels of solar irradiance [113]. This is similar to having
an additional function through heterogeneous surface properties. The heterogeneous morphology
and the hierarchical shading material together achieve multifunctionality. The stomata are translated
into openings regulating heat and air triggered by heat for ventilation. This presents hosting another
function by hierarchy and combine with the other two mechanisms interdependently, as it is linked to
the ribbed morphology. Therefore, the design hosts two functions at its hierarchical and heterogeneous
structure (Figure 14).

The Bio-ABS design is a folding module with an expanding and contracting mechanism activated
by temperature difference through the use of thermally restrictive smart material of shape memory
alloys (SMAs). SMAs change their length when exposed to differences in solar radiation levels [114,115].
Through this morphology, the design forms a ribbed structure while creating openings for ventilation.
The opening’s size is controlled by the actuator’s displacement, as a percentage of contraction in
length. The component is formed by isosceles triangle shaped creases connected by mountain folds
and divided into two identical creases by valley folds. The design is a symmetric double-line vertex of
degree 6-case rigid origami with a hexagonal base, as hexagon offers improved mechanical properties.
The double-line technique allows the creases to have a gap for material thickness. Folds allow the
component to change its shape while keeping the triangular creases rigid. A selected material placed
in the central point can trigger the system with by a pull and push force into a pattern similar to the
biomechanics of the rib structure of Echinocactus grusonii. The second function is achieved by color
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changing smart materials called chromogenics that present an example for functional surface material
properties. A study on visualizing the facade on the base-case reference building through replacing its

windows with 188 modules is presented in Figure 15.
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Figure 14. Movement and dimensions of the fagade module in elevation and section, where red

arrows represent the displacement of valley folds and green arrows represent the displacement of

mountain folds.
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Figure 15. The pattern the Bio-ABS module, with various changing configurations, when implemented

on the reference building’s windows consisting of 188 modules; from left to right opening ratio increases

and from bottom to top glazing opacity decreases.

The aesthetics of this system exist in the built and designed realm, for instance, the dynamic shading
facade on the Al Bahar Tower in Abu Dhabi [116]. However, the operation and performance of this
design differ significantly, in that they manage multiple parameters (ventilation and shade). As another

difference, this design integrates the smart materials of shape memory alloys and photochromic
cells within its mechanisms and therefore having a passive operation of the system. As such, Al
Bahar Towers are automated through building management system (BMS) that uses electricity [116].
Therefore, most designs in the area with similar constructions are active, meaning they are operated
by electricity [116,117]. Those designs are mostly programmed to operate at certain situations and
therefore they are not considered as fully climate adaptable. The morphological movement of the
origami folds is known, while the parameters that control the movement are unique, including the
thermally activated pull and push through the central point. Another difference is the integration of
hierarchical scales and heterogeneous material properties into this design. Most existing similar designs
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perform a single function and do not consider the integration of multi-scale and multi-dimension
transferred from the natural design principles of hierarchy and heterogeneity, respectively.

7.5. Comparative Analysis of Environmental Performance Evaluation

To quantify the performance improvement Bio-ABS offer, a comparative analysis with the base-case
building is done through building performance simulation. Only one thermal zone, a classroom is
modeled to simplify the process (Figure 16). The ventilation type is switched to natural ventilation from
mechanical ventilation to determine thermal comfort through the Adaptive Model. Glazing type and
its thermal properties, aperture ratio, and ventilation rate are compliant with National Construction
Code (NCC) of Australian Building Codes Board (Table 6) [118,119].

Figure 16. Base-case building.

Table 6. Performance descriptors of the base-case building.

Performance Descriptor Value Reference
Lighting load 8 W/m
Equipment load 5 W/m
Occupants density 0.4 people/m
Ventilation operation schedule Temperature [118,119]
Window-to-wall ratio 40%
Glazing opening ratio 25%
Glazing thermal transmittance 1.786 W/m?K
Glazing solar heat gain coefficient 0.39
Floor area 97 m
Zone volume 388 m [112]
Floor-to-ceiling height 4m
External walls thermal resistance 1.469 W/mK
Air change rate 7.5 ac/h [120]

Building performance simulation is performed to determine thermal comfort analysis of the
base-case building using EnergyPlus. The climate file used is available at EnergyPlus Weather for
Sydney IWEC (International Weather for Energy Calculations) station number 947,670. Thermal
comfort is calculated through the adaptive model and found that according to 90% Acceptability Limits
(A.L.), 74.03% of the time occupied does not fall in the comfort zone with 1588 h of discomfort and
according to 80% A.L., it is 38.14% with 818.25 h of discomfort (The calculation follows the presence
of occupants on a daily basis in weekdays from 08:00 am to 16:00 pm by a fraction of 0.75 and from
16:00 pm to 21:00 pm by a fraction of 0.15) (Table 7).

Table 7. Comfort analysis of the base-case building.

Analysis Type Acceptability Limits Discomfort Hours Discomfort Ratio

Adaptive thermal 90% 1588 h 74.03%
comfort 80% 818.25 h 38.14%
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The simulation results are analyzed to understand the causes for increased discomfort ratio.
The results show that maximum values for indoor temperatures are calculated as 37 °C for mean radiant
and 38 °C for operative and air temperatures. This suggests that the maximum temperatures are above
the limits for temperature, that is, 33-33.5 °C. Moreover, the windows and infiltration are identified as
the causes for heat loss with values of 18 kWh/m? and 41 kWh/m?, respectively. The evaluation shows
that the base-case building suffers high temperatures and excessive heat gains. This suggests that solar
gains negatively impact comfort in the building and the regulation of heat and light must be addressed
to improve the performance (Figure 17).

The windows of the base-case building are replaced with the Bio-ABS design and the performance
is analyzed through simulation. The multifunctional Bio-ABS is modeled in EnergyPlus using its
feature EMS, that integrates customizable input—output objects and allows using if statements. The
photochromic (PC) glazing is modeled with its four states changing the solar heat gain coefficient
(SHGC = 0.508, 0.396, 0.325, 0.238) and visible light transmittance (VLT = 0.595, 0.446, 0.341, 0.238) with
a fixed thermal transmittance (U-value = 1.786 W/m?K). The U-value of the base-case building and the
case study are the same. The SHGC and VLT of the base-case building are calculated as the average
values of the four states of the case study. The properties of the PC glazing are taken from a previous
study outlining the performance improving PC glazing systems for the chosen climatic context [82].
The properties of the morphology triggering Shape Memory Alloys (SMAs) are set to demonstrate a
comparable case against the base-case, which provides the same window opening ratio (25%) with a
corresponding SMA displacement ratio. Other properties of the SMA including the actuation (18 °C)
and de-actuation temperatures (60 °C) are determined to provide an adaptable system operated by
changes in temperature. The simulation results after replacing the base-case building’s windows with
the Bio-ABS show a decrease in discomfort hours by 23.18% for 90% A.L. and 5.09% for 80% A.L.
(Figure 18).
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Figure 17. Indoor temperature analysis of the base-case building, where the gray line presents the
maximum, red line presents the mean and the green line presents the minimum values.

The mean values for the indoor temperatures of mean radiant, mean operative, and mean air
temperatures are decreased (Figure 19). The mean value for MRT is decreased by 2.23 °C, the mean
value for operative temperature is decreased by 2.76 °C, and the mean value for air temperature
is decreased by 3.28 °C. Overall, the implementation of this multifunctional Bio-ABS improves the
thermal comfort in an educational building in Sydney. This study has focused on the integration of a
PC glazing and SMA activated ventilation with set values for its performance descriptors (i.e., actuation
temperature, SHGC, VLT). Further work could investigate different living systems, their functional
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transfer into multifunctional engineered designs, consider different performance descriptors of Bio-ABS,
and simulate their environmental performance.

Comparative Analysis in Thermal Comfort
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Figure 18. Comparative analysis in thermal comfort between the base-case building and the
multifunctional Bio-ABS case study.
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Figure 19. Mean indoor temperature comparison between the base-case building, and the case study.

8. Conclusions

This paper presents a framework for achieving multifunctionality in Bio-ABS. It does so by
translating hierarchy and heterogeneity from nature into architecture. A systematic classification to
map biological systems from the perspective of how they host multiple functions in their heterogeneous
multi-level structures is presented. Several biological systems are mapped using the classification to
define a “preliminary database” to categorize biological data. This database could be expanded over
time to create a systemic collection of biological information as a resource for biomimetic design.

Hierarchy and heterogeneity in nature are described and their transfer into designs can achieve
multifunctionality. Hierarchy is described as having multiple scales and heterogeneity as multiple
geometric differentiations. Their transfer into Bio-ABS is proposed through a framework named
the “Multi-Biomechanism Approach”, that uses the systematic classification. The framework is
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demonstrated through the case study of translating Echinocactus grusosnii and three of its many
biological adaptations: rib structured cortex, self-shading areoles and spines, and microscopic stomatal
openings. A Bio-ABS design is presented showing how the hierarchical features of the areoles, spines,
and stomatal openings, as well as the heterogeneous form of the ribs structure can be translated into a
biomimetic strategy integrated in a building skin.

The base-case building and the case study of the multifunctional Bio-ABS replacing the windows
of the base-case building are simulated to calculate their performance. The comparative analysis of
the results show that Bio-ABS offer improved comfort both for 80% and 90% Acceptability Limits
according to Adaptive Comfort Model. The mean value for MRT is decreased by 2.23 °C, the mean
value for operative temperature is decreased by 2.76 °C, and the mean value for air temperature is
decreased by 3.28 °C. Overall, the results after replacing the base-case building’s windows with the
Bio-ABS show a decrease in discomfort hours by 23.18% for 90% Acceptability Limits and 5.09% for
80% A.L. for adaptive thermal comfort.

As results of the work carried out and the findings, this research draws attention to
multifunctionality in nature and in engineered designs, particularly of Bio-ABS, and promotes
biomimetic design as a promising approach to be taken to develop environmentally sustainable
building systems. This study attempts to point out the significance of the “natural design principles”
and their limited application in architecture. However, it is limited to the translation of hierarchy
and heterogeneity, excluding others that may help achieving multifunctionality, which further work
can focus.
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