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People have been finding inspiration in nature in solving their problems, from the very 
beginning of their existence. In the most general sense, biomimicry, defined as “inspire 

from the nature,” has brought together the engineers and designers nowadays. This 
collaboration creates innovative and creative outcomes that encourage people with their 

interdisciplinary relationships. Accordingly, the aim of this book is to bring together 
different works or developments on biomimetics in interdisciplinary relationship 

between different areas, especially biomimicry, engineering, and design. The twenty-
first century has conceived many new and amazing designs. The book in your hands will 

surely be an important guide to take a quick look at the future possibilities.
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Preface

Biomimicry or the similar word biomimetic comes from the unification of the Greek words
“bios” (life) and “mimesis” (mimic). It was first used by the American engineer Otto Schmidt in
the 1950s. Biomimicry could simply be defined as being inspired from biological forms, func‐
tions, systems, components, or processes in nature. It is also a design principle that searches for
results for solving problems of humankind through analyzing nature. In contemporary ap‐
proaches, biomimicry searches for a balance between nature and people. Accordingly, it sug‐
gests thinking and acting like nature instead of having a metaphorical attitude.

Biomimicry is an interdisciplinary topic related to electronics, communication, medicine, biolo‐
gy, chemistry, physics, math, art, and many other areas. Janine Benyus, in her book Biomimicry:
Innovation Inspired by Nature, published in 1997, remarked on the necessity of interdisciplinary
cooperation between biological research and industrial and/or construction technologies.

Biomimicry is commonly used in the design of artificial devices, prostheses, medical equip‐
ment, and robots. It is a method that has been significant in the fields of medicine, architecture,
and civil engineering for many years.

The relationship between biology and design is based first on biomimicry. The process can be
summarized as inspiring/adapting/learning from nature. This interaction seems to have had
different forms over the years and is called biomorphic, metaphoric, or analogic approaches in
the design literature. However, implied samples are completely formal inspirations, revealed
from natural organisms. This attitude of mimesis was transformed at the end of the twentieth
century with the notion of biomimesis and biodesign. The design practice of this period con‐
tains a conscious learning and inference goal from nature in terms of materials, structural gen‐
eration, and systematic process rather than formal analogies. The target is to design products
that really work as part of nature. We can call this new approach biodesign.

The investigation of living organisms at the molecular scale opens up probable ways to inspire
from the genetics of organisms. Even using living organisms in design can be used as an exam‐
ple. Designers use different data from many science areas such as architecture, design, biotech‐
nology, nanotechnology, biology, math, geometry, physics, chemistry, etc. Accordingly,
interdisciplinary relationships between different fields are inevitable in the twenty-first centu‐
ry.

Biomimicry has now brought together engineers and designers, and this collaboration creates
innovative and creative outcomes. Nevertheless, more research is needed in this area because
many studies on biomimicry are generally about the health sector. It can be said that engineer‐
ing studies come in second place. However, there are a few studies on design and biomimicry
from an interdisciplinary point of view. Similarly, interdisciplinary foundations between sci‐
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ence, engineering, and design are very few globally. Undoubtedly, there are a number of strong
foundations or teams in Europe, America, and East Asia. But their concern is biodesign in med‐
ical science. So new studies, both foundational and theoretical in between design, science, and
engineering, are clearly a necessity. Accordingly, this book aims to fill this gap in the literature.

The book contains eight chapters from expert and well-known authors in their fields. Petra
Gruber, Tim McGinley, and Manuel Muehlbauer in their chapter “Towards an Agile Biodigital
Architecture: Supporting a Dynamic Evolutionary and Developmental View of Architecture”
are focused on a strategic methodology for architectural design processes using evolutionary
and genetic principles. They used the potential of computer science that links biological concept
to architectural application by making a bridge between biology and design. The authors ac‐
tualized five parallel workshops to explore their biological concept in design and tried to gener‐
ate an active design tool based on agile principles integrating biological models in a new
multistage design process. The inputs of their work are a dynamic representation of the ex‐
plored typology of the South Australian House.

Maria Lorena Lehman deals with designing an optimization method for communication be‐
tween buildings by using a biomimetic approach to derive lessons from the human eye and its
focusing abilities. She suggests this method to uplift the urban quality of life by transforming
the buildings—which are often static without adapting to the ever-changing context that sur‐
rounds them—into “communication bridges” in her chapter “Human Eye Behaviors Inform
Systems Design for Inter-Building Communication.” 

Inspired robot design by nature is widely used. By considering this point, Julien Serres tries to
bring a different perspective to drone miniaturization and navigation inside buildings. In his
chapter “Taking Inspiration from Flying Insects to Navigate Inside Buildings,” bio-inspired
sensors and optic flow-based direct feedback loops were applied to a micro air vehicle and this
design has been demonstrated for a drone flying inside buildings.

Regarding the relationship between biology and design, we could mention “bio-cooperation”
as a new approach in the twenty-first century. It is noticed that using living organisms and na‐
ture in design is beyond inspiring . In this context, the next two chapters are concerned with
hybrid design synthesis between biology and design collaboration. 

İrem Deniz and Tuğba Keskin Gündoğdu introduce the use of living organisms in the design
area from a bioengineer’s point of view. The possible uses of bacteria, microalgae, and fungi in
biomimetic design are briefly discussed in their chapter “Biomimetic Design for a Bioengi‐
neered World.” They also mention biomaterials for biodesign. Using the potential of bacteria,
fungi, and microalgal strains in the building creates an exciting balance between cost-effective,
non-toxic, and natural characteristics. The authors also noticed that interdisciplinary coopera‐
tion could be utilized to develop bio-based products in the future.

In the chapter “Biomimetic Façade Applications for a More Sustainable Future,” Ayça Tokuç, F.
Feyzal Özkaban, and Özge Andiç Çakır look at the possibilities of biomimetics and biodesign
methods in sustainable façade designs. They introduce the design principles of sustainable fa‐
çades first, and then related construction materials and some contemporary examples are ex‐
plained. The authors mention the harmony between the concept of biomimicry and sustainability
but point out that every biomimetic application is not always sustainable. They suggest bio-coop‐
eration with natural elements in façade design as another way to learn from nature.

XII Preface

These two chapters also mention a biodesign team in Turkey, Turkey Biodesign Team, that is
promising for Eastern European countries.

Hyunsoo Lee and Nayeon Kim in a chapter called “Bio-inspired Adaptable Façade Control Re‐
flecting User’s Behavior” present the process of methodology for designing an adaptable façade
to change environments and requirements for humans. The design of the adaptable façade in‐
spired from nature is also one of the main reasons for the work to be included in this book.
Moreover, biomimetic façade control is implemented in the content.

In nature, many plants and animals have superhydrophobic properties. These superhydrophic
properties provide us with new technological products by focusing on these living beings. In
the chapter “Switchable and Reversible Superhydrophobic Surfaces,” parts one and two, writ‐
ten by Sabri Taleb, Thierry Darmanin, and Frédéric Guittard, a superhydrophobic surface is
described. Surfaces with robust superhydrophobic properties are needed for practical applica‐
tions. This work presents how a superhydrophobic surface is able to be stabilized in the Cassie-
Baxter state.

Reading and interpreting the chapters of this book as editors, we have learned many things
during the process. We are very appreciative to all contributing authors for their efforts and to
dear Romina Skomersic, our publishing process manager, and Anja Filipovic, our commission‐
ing editor, for their patience and endeavor.

It would appear that the twenty-first century is producing many new and amazing designs.
Before these educative and exciting processes can be combined, this book will be an important
guide to take a quick look at all the possibilities.

Gulden Kokturk
Dokuz Eylül University, Turkey

Tutku Didem Akyol Altun
Dokuz Eylül University, Turkey
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Abstract

Architecture and biology are fields of high complexity. Generative design approaches pro-
vide access to continuously increasing complexity in design. Some of these methods are 
based on biological principles but usually do not communicate the conceptual base neces-
sary to appropriately reflect the input from biology into architecture. To address this, we 
propose a model for analysis and design of architecture based on a multistaged integrated 
design process that extends the common morphological process in digital morphogenesis 
with a typology-based ontological model. Biomimetics, an emerging field to strategically 
search for information transfer from biology to technological application, will assist in 
delivering a frame of reference and methodology for establishing valid analogies between 
the different realms as well as integration of the biological concept into a larger framework 
of analogy to biological processes. As the biomimetic translation of process and systems 
information promises more radical innovation, this chapter focuses on the dynamic per-
spectives provided by biological development and evolution to model the complexity of 
architecture. The proposed process was used to inform five parallel workshops to explore 
dynamic biological concepts in design. The potential of the process to investigate biomi-
metic processes in architecture is then discussed, and future work is outlined.

Keywords: biomimetics, evolutionary design, morphogenesis, morphogenetic 
prototyping, agile design principles

1. Introduction

This chapter identifies a multistaged integrated design process for the analysis and design 
of architecture, which extends the common morphological process with a typology-based 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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ontological model. Architecture involves the design, control and manipulation of a multitude 
of complex systems to result in a successful building. Therefore, there is a continuous explo-
ration of the transfer of models from external disciplines into architecture to support model-
ling and ultimately the control of this complexity. For instance, generative design allows the 
exploration of various design solutions based on the definition of design-specific representa-
tions and generative rules and behaviours, which allow to iteratively generate designs in a 
bottom-up process.

Some of these methods are based on biological principles [1–3], and as evolutionary theo-
ries in biology are radically revised [4, 5], the terminology in this context needs to be revis-
ited to include novel biological concepts. Biomimetics provides methods to communicate 
the conceptual base from biology into design and has promoted novel approaches to archi-
tectural design [6]. Morphological processes targeting formfinding have previously been 
explored in digital morphogenesis [7–9]. Additionally, McGinley [10] proposed a frame-
work to support the integration of concepts of biological development into architectural 
design while also exploring the concept of agile design. Therefore, we propose and discuss 
a method to support designers to integrate biological concepts of development and evolu-
tion in their work.

At the same time, it is important to caution that biology is a broad discipline, which is built 
from a multitude of perspectives. Tinbergen defined these as the four questions of biology. 
The questions divide biology into dynamic and static views which are then each subdivided 
into how and why questions. The dynamic views consider why the organism evolved and 
how it developed into the biological artefact, whereas the static view interrogates a biologi-
cal artefact at a single point in time. In biomimetics, this is paralleled by material, structural, 
process or systems translations from nature into technology.

Computer science links biological concepts to architectural application, serving as a bridge 
between biology and design. Therefore, this chapter applies adapted agile design methods 
from computer science in architecture, proposing a strategy for translation of biological obser-
vation on a system level to computational design systems in architecture using evolutionary 
and genetic principles. To create a test bed for this conceptual approach, a design workshop 
event ‘Agile X4’ focusing on the South Australian housing typologies was organised to create 
a proof of concept case study.

2. Evolution in design

Evolution and natural selection are characteristic signs of life, which result in a continuous 
improvement of the biosphere by providing resilience, adaptation and development. These 
properties are also desired in architectural design processes. Therefore, a review of the evo-
lutionary concepts in the realm of architecture seems to be a promising approach to build on 
the recent developments in evolutionary architecture that adopt a computer science method 
for the  generative development of design solutions. Evolution as a strategy has been applied 
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to a technical context as an optimization strategy since Ingo Rechenberg pioneered evolu-
tionary computation in the 1970s [11, 12]. Rechenberg’s Evolutionary Strategy (ES) served 
to solve complex optimization questions in science that could not yet be tackled by theoreti-
cal approaches. This methodology is aimed at improving technical optimization and is thus 
embedded in the context of technology.

The architectural discourse about the use of evolutionary computation in generative design 
processes is based on the introduction of Genetic Algorithms, developed by Holland [13] 
and Genetic Programming, introduced by Koza [14] to the scripting practice for architectural 
design tools. The pioneering work of Frazer [1] provides a strong knowledge base for archi-
tectural designers to come to explore the possible applications of evolutionary computation. 
In the section on genetic language, Frazer points out that multiple levels of representations 
determine the genetic hierarchy required to develop a living organism. Additionally, there is 
potential for the use of language characteristic elements, vocabulary and syntax, as described 
by Contreras and Chomsky [15–17]. In this context, the complexity of representation for archi-
tectural design is already tangible.

Recent developments in computer science that use grammatical evolution [18–20] extend the 
repertoire of generative design strategies with an evolutionary approach using a reduced rep-
resentation even for complex design cases. These systems build on the rule-based approach 
in shape grammar [21], but encompass the potential to drive the unfolding of computational 
designs based on behavioural systems in bottom-up processes.

3. Biomimetics

Biomimetics, an emerging field to strategically search for information transfer from biology to 
technological application, assists in delivering a generic frame of reference and methodology 
for establishing valid analogies between different realms. Defined as an innovation methodol-
ogy, the process of biomimetics involves basic research, abstraction of principles and transla-
tion of those principles into an application field. Biomimetics deals with materials, structures 
and systems, but typically extracts knowledge about functions, mechanism or concepts that 
are then applied by designers or interpreted by engineers. Moreover, the interdisciplinar-
ity inherent in biomimetics holds the potential for radical, new innovations and sustainable 
products and technologies [22].

Biomimetics has been increasingly explored in the context of architecture, design and the 
arts in the last decade, and a biological paradigm seems to underlie current trends in design 
research [23]. Examples for biomimetic applications at the scale of materials and surfaces are 
self-cleaning or easy-to-clean coatings on glass and metals and also facade paint. Structures 
and constructions informed from biology, especially from plant structures, are explored in 
prototypical buildings like the ICD/ITKE pavilions and also include products like flectofin, a 
novel facade-shading system using a compliant mechanism inspired by the opening mecha-
nism of the flower of the bird-of-paradise (Strelitzia reginae) [6]. Most recently, aliveness of 
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architecture is discussed within the context of growth of material structures and agency. 
Growth principles from biology are increasingly explored in computation, generating a new 
morphological space that is transferred into material systems by additive production technol-
ogies like 3D printing. Metabolic activity as a base for all life is also explored in architectural 
design by creating matter and energy flows in prototype installations, in addition to the use of 
algae and bacterial as integral and active elements into wall, facade and soil systems [6, 24, 25].

Methodologies and tools for biomimetics are being developed primarily to facilitate the 
knowledge transfer for the technology side. Translation tools, databases such as AskNature 
[26] and methodologies such as BioTriz [27] have not been introduced on a large scale yet. 
A very concise description of the process of biomimetics can be found in the German VDI 
Standard [22] and in publications of the Biologically Inspired Design at the Georgia Tech 
Institute [12]. A new and intriguing way forward is the development of an ontology for bio-
mimetics [28]. Ontologies deal with the definition of entities and their relations. Biological 
principles can be expressed in computational representations and ontologies to inform com-
putational design processes.

The introduction of biomimetics in the field of evolutionary and agile design allows the integra-
tion of those concepts into a larger framework of design and analogy to biological processes. It 
provides a methodology for analogy building, abstraction and information transfer and pro-
motes process and systems translation into technology. As a frame concept, biomimetics requires 
a reinterpretation of mimicking evolutionary processes in design. Apart from material represen-
tations of architecture referring to biological materials and structures, phylogenetic history and 
genetics of the role model refer to dynamic translations and distinctive design processes.

4. Agile design

Project management methods can be defined as either predictive or adaptive. Predictive mod-
els rely on the information of the project being fixed at the start of the project and that which is 
unknown being accurately predicted. Alternatively, adaptive methods support variability in 
the requirements and constraints of a project. Samset and Volden [29] propose a series of par-
adoxes of predictive project management. These can be summarised in that many important 
decisions about a design project need to be made at its start, when we know the least about 
the project. The strategic errors resulting from these myopic decisions are further frustrated 
by any misalignment of the selected tactical approach to realise the chosen strategy.

Alternatively, the founders of the agile movement defined a manifesto [30] with a set of prin-
ciples for supporting a more adaptive approach to the development of software. The fourth 
principle, responding to change over following a plan, provides the underlying principle 
for agile design. Agile design approaches achieve this by working in cycles so that decision 
making can be more flexible (agile) and changes can be made later. Built environment proj-
ects are traditionally predictive, which can mean that changes can be difficult to implement. 
One major advantage of biomimetics is that it provides a broad body of potential solutions 
for a project but that implementation of each example requires the design model to adapt. 
Therefore, we propose that employing agile design principles in architecture could support 
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further exploration of the design opportunity space which will better support the implemen-
tation of dynamic biomimetic concepts in architecture [31].

Furthermore, the model abstraction provided by the computational lens allows for a deeper 
investigation of the biological analogy of evolution and architecture and expands the knowl-
edge transfer to have a direct impact on the process of architectural conceptualisation. In this 
way, computational design approaches such as evolutionary programming and agile design 
support adaption of design models of continuously increasing complexity in design.

5. Multistage design process

To support biomimetic concepts such as evolutionary design in architecture, this chapter 
employs agile design concepts to facilitate the exploration of the opportunity space of architec-
tural design. This is proposed here in an abstract model for the analysis and design of architecture 
based on a multistage design process. This process uses the following stages of (1) identifying 
the features of the design; (2) extracting pseudo-genes from the features; (3) establishing the 
phenotype (what the evolved and developed typology would look like) and finally (4) altering 
the genes and repeating the previous steps. In this way, the process extends the common mor-
phological process in digital morphogenesis with a typology-based ontological model.

5.1. Identify the features

In the first stage, the features of the typologies are identified as the input data for the system. 
These features could include distinct architectural elements, spatial entities and relationships 
that characterise the typologies. This process results in a feature matrix that can be translated 
into a computational system.

5.2. Define the genes

This phase identifies the ‘genes’ of the design, based on the feature matrix. In an analogy to 
reverse engineering, existing features lead back to the rules of creation. These rules could be 
thought of as design genes [10, 32].

5.3. Model the phenotype

The next stage is to generate virtual phenotypes based on the feature matrix and design genes. 
McGinley et al. [33] proposed that the architectural phenotype is based on environmental 
influences on the (architectural) genotype. For modelling the phenotype, there are several 
options:

• A model based on voxels – dividing the space up into boxes that could then be spatially 
allocated

• A model that we describe as a ‘bag of beans’, which involves a randomly distributed but 
static set of ‘nuclei’ that are grouped, shelled or hulled depending on the spatial position 
information
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Workshop Description Input Define Model Modify

Carve Prototype a tangible user interface (beyond pencil, keyboard and 
mouse) [34] for multistage process

✓

Design X Define a VR experience for defining and altering the phenotypes ✓ ✓

Evo Type Provide an evolutionary perspective on the history of the South 
Australian House and identify its ‘genes’ and adaptations over 
time

✓ ✓ ✓

Reverse View the typical Adelaide house as if it had developed biologically ✓ ✓

BioMod Develop the generative explicit geometry for the case study ✓ ✓

Table 1. Mapping of the parallel workshops of Agile X4 to the integrated design stages.

• A dynamic computational fluid dynamics model wherein the nuclei (cells or beans) can 
move and be moved by gradient forces inside the pseudo-organism.

5.4. Modify the phenotype

The virtual representation of the phenotype is evaluated in a selection process. Evaluation can 
take place against a chosen set of criteria in the digital realm, or can introduce modification 
by external influence in a virtual reality environment. A modified phenotype results from this 
phase. Feedback from this last phase can then connect back to the input data or abstracted 
gene stage. In order to trace the flow back to the initial data stage, a real world translation is 
required.

6. Case study (Agile X4: morphogenetic prototyping)

The Agile X4 event at the University of South Australia in Adelaide served as a test bed for the 
conceptual approach. The proposed workflow of the integrated design system requires the 
collaboration of multiple disciplines: architecture theory, data experts, biology, computa-
tional design, computer science and programming, virtual reality experts. The integration of 
multidisciplinary design teams generates the necessity for the establishment of communica-
tion protocols on both the level of human interaction and the level of systems interaction. 
The validity of the proposed model was investigated in the workshop event called ‘Agile X4’. 
During the timeframe of 1 week, five parallel workshops were conducted with an interna-
tional team of 29 researchers and students. Together, the five workshops covered the work-
flow described in the previous chapter, mapping the workshop activities to the integrated 
design process (Table 1).

The workshops started simultaneously and ran over 5 days, with an integrated conference 
and synthesis time to coordinate and connect the results. The activities, tools and methods of 
each phase are described here based on the workflow model of the multistage design process 
(Figure 1). The main flow of information was established, leading from research in architecture 
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history over typological interpretation, abstraction of spatial information into topology dia-
grams and ontologies, creating organismic analogies by differentiation into body plans, trans-
lation into an analogy to genetic information, generation of a new spatial interpretation based 
on environmental parameters and modification using interface tools in a virtual environment 
to finally feeding the modified information back into the cycle.

6.1. Identify the features

South Australian housing typologies were used as the base architectural input model. In col-
laboration with UniSA Architecture Museum, a literature research and archive research were 
carried out, and a set of building drawings selected and analysed. This enabled the identifica-
tion and selection of specific features that were then encoded in a diagrammatic topological 
map and a feature matrix of the houses along with the basic data including, for example, date 
of construction.

6.2. Encode the genes

The next stage based on the feature matrix was to identify the ‘genes’ of the design. Spatial 
features of the South Australia houses were translated into connectivity diagrams (Figure 2). 
The Evo Type workshop provided an evolutionary perspective on the history of the South 
Australian House. It was then possible to model a developmental perspective for each typol-
ogy based on a hierarchy derived from its connectivity diagram.

6.3. Generate the phenotype

The graphs (connectivity diagrams) generated in the gene encoding stage were sent from 
Grasshopper to control pheromone growth of a particle system in Maya that was rendered in 
real time as a series of boxes in Unity (Figure 3).

Figure 1. Stages of the agile biodigital design process.
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Figure 3. The generated phenotype based on the connectivity diagram interpreted in grasshopper and Maya into Unity.

Figure 4. Design X workshop tutor Daish Malani testing the gene adaptation prototype agile ‘axe’ (photo credit, Kelly 
Carpenter).

6.4. Modify the phenotype

In parallel, the carve workshop produced a tangible user interface prototype in the form of an 
axe. This enabled the user to select and modify specific nodes in the connectivity diagram in a vir-
tual reality space, thereby altering the pseudo-body plan of the architectural typology (Figure 4).

Figure 2. Adelaide house types with their connectivity graphs (photo credit, Petra Gruber).

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry8

7. Results and discussion

During the translation of knowledge from developmental biology to architectural design, we 
realised the immense potential to extend morphogenetic design methodologies. In response 
to the changing perspective on evolutionary and developmental processes in biology, the 
architectural interpretation of morphogenetic design was revisited. The extension of the evo-
lutionary design model with a typological ontogeny was facilitated in an iterative design pro-
cess. During the process, the knowledge about the problem was built in multiple groups, each 
responsible for a stage in the explored multistaged design model. After an advanced design 
state was achieved in one of the groups, the integration with neighbouring groups in the 
design model led to an increased level of integration. At this crucial moment, knowledge was 
successively transferred between interacting groups to provide an embedded understand-
ing of the process. As a result, a rigorous argument was developed to communicate between 
groups. Evidence of the design process inside the distinct groups was used to transfer and 
communicate embodied knowledge between those groups. The research on a new multistage 
design process provided a validation of the comparison of genetics and architectural typology 
and an extension of the basic analogy of evolutionary architecture.

The agile process of the workshop allowed us to develop the communication model for the 
integrated design system on the fly. The communication protocol and initial workflow of the 
design system were developed, implemented and tested during the workshops. Limitations 
and challenges were found in the translation between the distinct phases. Building a shared 
computational representation during the workshop was the biggest challenge. The initial 
desire to translate implicit knowledge stored in traditional typologies to modern design 
approaches was not fully reached based on the time constraints. A prototypical software 
implementation for a design process that would be able to facilitate reaching this goal was 
investigated and tested. The outcome of the workshop was therefore a result of a rigorous 
investigation on the geometric translation and computational communication of the implicit 
knowledge inside the explored topology. As a result, an interactive methodology for a mul-
tistaged adaptive design system was successfully tested using an abstract geometrical repre-
sentation. The selection mechanism in a virtual environment was crucial to the overall success. 
Here, the concept was the manipulation of the graph model based on the user input. As this 
was not tested in a closed-loop system before, the potential of the user guidance of the design 
process through gesture has yet to be explored. The main barrier to implementation during 
the workshop was the complexity of the data that should be mapped from the gesture to the 
computational model. Overall, the use of a persistent graph model for the testing of compu-
tational design systems proved to be a feasible approach to reduce the system complexity. It 
allowed to test the workflow in the brief period of the workshops.

8. Conclusion

This chapter proposes the development of a system to design active tools based on agile prin-
ciples integrating biological models in a new multi-stage design process. The combination 
of an agile approach on the level of human interaction with the use of biomimetic principles 
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on the systems level allowed us to establish efficient protocols and use the synergetic effects 
between computational design systems in architecture and systems design based on biomi-
metic principles. The multistage computational model was developed and tested in an initial 
design experiment of Agile X4.

The outcome of the workshop series was in many respects promising:

• The results of the feature matrix during the definition of the ontological input were suc-
cessfully used to generate a dynamic representation of the explored typology of the South 
Australian House.

• The main advantage of the agile approach is the modularity of the system that is based on 
the specification of a communication protocol shared over all stages of the design process. 
It allowed the use of a variety of design tools that are available in the CAD software pack-
ages of Rhinoceros, Maya and Unity. A developmental model for generative design was 
used to develop a flexible graph model as communication protocol in the computational 
design system.

• Based on the developed design system, further investigations on geometrically refined 
representations promise to transfer additional knowledge from the traditional typology to 
state-of-the-art computational design processes capable of exploring large design spaces.

There is an enormous potential for form generation in reference to existing typologies using 
the developed multistage design system. Furthermore, a four-dimensional mapping of the 
genotypes to the phenotypes would encourage speculation about topological changes intro-
duced by the aliveness of architecture.

9. Future work

The further development of the proposed multistage design process entails improvements 
on various levels. Firstly, the basic analogy between architectural design and evolutionary 
development should be revisited and recent findings in the life sciences integrated into the 
translation. Novel concepts such as niche construction theory and epigenetics have not been 
sufficiently discussed in the context of the built environment.

Secondly, for the distinct phases of the design process, further research would provide further 
understanding of the flexibility inherent in the design system. So, for the gene extraction, the 
number of features that are mapped between genotype and phenotype should be increased, 
and for the phenotype modelling, the mapping of building features in a particle system would 
drive the development of the phenotype through existing typologies. The implementation of 
a flexible graph model would allow the mapping of the defined genotype on a four-dimen-
sional space-time model. Additional research should also be conducted on the behaviour of 
the system interaction of different typologies with each other (ecology simulation). The rela-
tion of typologies to environmental context is another interesting field of research that could 
be further investigated in a comparative study over different climatic and cultural zones.
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Abstract

Adaptive sensory environments optimize in real time to consistently improve performance. 
One optimization method involves communication between buildings to dramatically 
compound positive effects—but the way these buildings communicate, matters. To design 
such a communication framework, this chapter uses a biomimetic approach to derive les-
sons from the human eye and its focusing abilities. With each focusing action, coordina-
tion occurs as muscles move to expand and contract the eye’s lens to achieve varying focal 
distances. And when both eyes focus together, they are able to achieve stereopsis, a field 
of depth and perception not attainable with only the focus of one eye. By dissecting this 
collaboration between eye muscle coordination and stereopsis, this chapter uncovers how 
a communication framework between adaptive sensory environments can create indirect, 
yet powerful, collective occupant and building behaviors. For example, communicating 
adaptive sensory environments evoke greener occupant behaviors, which, in turn, bring 
added benefit to the natural environment. Communication framework aspects include 
gamification, social media, and augmented reality that blur the boundaries between built-
environments in different ways. These “communication bridges” allow buildings to take 
on new symbiotic relationships with each other to harness and enhance how entire urban 
areas uplift quality of life.

Keywords: adaptive architecture, interactive architecture, sensory design, biomimicry, 
eye accommodation, inter-building communication, green design, occupant-centered 
design

1. Introduction

Buildings within urban areas today already communicate to a certain extent. Communication 
is inherent within their design, as a building’s architect must create an environment that 
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distances. And when both eyes focus together, they are able to achieve stereopsis, a field 
of depth and perception not attainable with only the focus of one eye. By dissecting this 
collaboration between eye muscle coordination and stereopsis, this chapter uncovers how 
a communication framework between adaptive sensory environments can create indirect, 
yet powerful, collective occupant and building behaviors. For example, communicating 
adaptive sensory environments evoke greener occupant behaviors, which, in turn, bring 
added benefit to the natural environment. Communication framework aspects include 
gamification, social media, and augmented reality that blur the boundaries between built-
environments in different ways. These “communication bridges” allow buildings to take 
on new symbiotic relationships with each other to harness and enhance how entire urban 
areas uplift quality of life.

Keywords: adaptive architecture, interactive architecture, sensory design, biomimicry, 
eye accommodation, inter-building communication, green design, occupant-centered 
design

1. Introduction

Buildings within urban areas today already communicate to a certain extent. Communication 
is inherent within their design, as a building’s architect must create an environment that 
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“speaks” to its surrounding context of other buildings through its design. In other words, as 
a design is being realized, it is responding to its future surrounding context as its architect 
imagines it into being. Yet, once constructed, the design is often static, as it stands without 
adapting to the ever-changing context that surrounds it.

At times, such buildings work hard to meet certain needs and goals, but because they do not 
adapt to changing demands and desires, they remain limited. Also, there are times where 
other buildings within an urban area may conflict with the way a particular building reaches 
certain individual or collective goals. In this case, another building can actually undo the hard 
work a different particular building has been designed to do.

Thus, the way buildings communicate today is often fragmented, contradictory, and static. 
This is why it is important to better understand how buildings can use communication in 
positive ways that strengthen their design and performance. By thinking and designing con-
sciously about the inter-building communication network within an urban area, new goals 
can be achieved in dynamic ways. After all, communication between architecture is more than 
just about making a statement; it becomes more about designing for consistent optimization 
for learning—where a design, once built, improves over time as it communicates.

This chapter serves as a guide on how to design a framework for inter-building communi-
cation by taking a biomimetic approach that parallels eye accommodation (eye focusing) 
and stereopsis in vision to how buildings can communicate to focus and harness perfor-
mance. In simplest terms, the human eyes work together as a team that serves as a model 
for how to design inter-communicating buildings. This framework allows building com-
munication to advance greatly as it would no longer be fragmented, contradictory, and 
static. Instead, communication between buildings would be convergent, collaborative, and 
adaptive.

For buildings to communicate successfully, they must pull from the power of adaptive sen-
sory environments. These buildings are prime for an urban communication network since 
they are sensory designed environments that engage with occupants, other buildings, and 
surrounding contexts, in dynamic and adaptive ways. For this reason, inter-building com-
munication for adaptive sensory environments holds the most promise for positive benefit at 
city-wide and individual levels.

This chapter demonstrates why such inter-building communication is important, as well as 
illustrating how, by learning from the design of the human eyes, it can be designed to work 
for maximum value at all scales.

2. Adaptive sensory environments improve performance

Built-environments are gaining in their ability to not only interact with occupants and their 
surrounding context, but to also adapt. This occurs as new developments in sensor technol-
ogy become integrated along with emerging design processes. Together, they yield environ-
ments that change in real time to meet occupant short-term needs and longer-term goals [1].
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Within adaptive sensory environments, static and transient materials work together tuning 
to occupants, supporting them both directly and indirectly. This stems from the occupant-
centered approach to design, which holds sensory design as a guiding principle. By adjusting 
a building’s characteristics moment-by-moment, it becomes possible to not only meet a one-
time occupant need but also meet ongoing occupant needs, which help achieve longer-term 
goals through processes such as learning.

Adaptive sensory environments bring great benefit to occupants because they allow for 
greater personalization through real-time tuning. This creates built-environments that do 
not just “house” function, but proactively work to “foster” function. For example, this is the 
 difference between a hospital that contains healing, versus a hospital that nurtures healing [1]. 
In other words, the hospital environment becomes a participant of the “healing team.”

In order for such adaptive buildings to function optimally, they engage in a two-way dialog 
with occupants. Thus, as occupants’ needs and goals change and grow, the architectural envi-
ronment does so as well. Each teaches and learns from the other.

In efforts to optimize such adaptive sensory environments, it is necessary to understand how 
communication between such buildings affects both the occupants that inhabit them as well 
as their surrounding natural environment. In this sense, adaptive buildings act as a “bridge” 
between occupants and their natural surrounding context. To do this, it is advantageous for 
such buildings to communicate with one another.

3. Inter-building communication for optimization

An inter-building communication network can work to help such adaptive environments 
cooperate and collaborate with each other. By pulling from the best of what each building 
does, regardless of the building type, other buildings can learn and use what works to help 
both their occupants and their natural surroundings. And this can all happen in real time, 
moment-by-moment.

When adaptive sensory environments communicate with one another, they are able to grasp 
a “bigger picture” of not only what their occupant needs, but also of how they can help their 
occupants. Thus, the boundary of a particular building may shift as its occupant and their 
needs shift as well. For example, a hospital may learn from its patient’s home environment 
about how their hospital room should function regarding light levels, daily habits, or ideal 
temperatures within which this particular occupant can thrive.

Inter-building communication between adaptive sensory environments helps occupants both 
individually and collectively. Yes, the adaptive architecture tunes to a specific occupant’s 
needs and goals, but it also can coordinate and pull from the collective needs and goals of a 
group, city, or culture. This allows for a type of “teamwork” to occur where the built-envi-
ronment works as a conductor, helping to pull the best from occupants, while also coordinat-
ing their efforts to meet a greater good that benefits all. Thus, inter-building communication 
allows occupants that are located in different places at different times to work together.
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It is important to pull from the power of collective behaviors because larger positive impact 
can be achieved for certain goals. For example, one person that is engaging in greener behav-
iors to benefit the natural environment will have positive effect, but when an entire collective 
urban area engages in greener behaviors in a coordinated manner, a much larger positive 
impact will benefit the natural environment.

4. Objectives for the design of a communication framework

Inter-building communication matters, but so does the way in which this communication 
happens. It is not simply enough to design buildings that exchange information interactively. 
These buildings must also use information to help them adapt to the needs of their occupants 
and ever-changing surrounding natural context. Yet, what should buildings do with such 
information? What is their objective and goal?

With an adaptable inter-building communication framework, built-environments can learn 
from each other. By better understanding and incorporating what works, and what does not 
work with occupants and surrounding natural contexts, adaptive sensory environments can 
adapt and improve in entirely new ways. For example, a hospital building can learn how 
to better personalize its healing environments by interpreting information from a home. 
Conversely, a home can interpret information from a hospital to help a patient recover from 
illness post hospital stay.

Multiple simultaneous dialogs are critical for the successful design of an inter-building com-
munication framework. Such built-environments must not only communicate with each 
other, but also must exchange information with occupants and the surrounding natural envi-
ronment. In reality, adaptive sensory environments become a “bridge” that adaptively re-
presents nature to occupants in harmonious, beautiful, and beneficial ways.

To optimize the learning and subsequent adaptation of sensory environments, it is important 
for designers to engage in a “growth mindset” during design [2]. This means that building 
occupants, and their buildings, strive to grow and change by learning from successes as well 
as failures. Thus, as buildings exchange information, it becomes important for each to learn 
from the other by not simply replicating what the other building is doing, but by adapting 
their architectural behavior to their own functional needs for occupants. In other words, a 
hospital building that receives information from a home is not to behave exactly as a home 
would behave, but instead can interpret the information to improve upon its own hospital 
behavior. For example, a hospital can synchronize a postoperative room for improved patient 
sleep, but it can do this by learning specifically how to personalize the sleep environment per 
particular patient by learning from their home environment sleep habits.

By achieving an inter-building communication framework, it becomes possible for buildings, 
the natural environment, and occupants to all benefit in unique ways. For example, by coordi-
nating efforts, a “network” of communicating buildings can pull from the power of the occu-
pant collective to promote, sustain, and enhance green behaviors. This becomes even more 
empowering as buildings exchange information to work together as a team, instead of having 
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each building work in isolation. With such inter-building communication framework designs, 
advancements can help to mitigate the negative effects of a changing climate.

5. Learning from human eye accommodation

The human eye holds principles by which to better understand how buildings can work 
together through the exchange and interpretation of information. By uncovering how the 
human eye focuses, a biomimetic model forms. Eye accommodation, or eye focusing, allows 
the eye to adapt to ever-changing object distances with the goal of seeing clearly. Similarly, 
the buildings that comprise a city must adapt to meet the ever-changing goals of its citizens. 
But how can they coordinate efforts to change their “focus” as citizen needs and goals change 
in real time?

Within the human eye, there are muscles that simultaneously move to allow for the expansion 
and contraction of the eye’s lens. In essence, this muscle behavior allows for the harnessing 
of the lens’ power, which is to focus [3]. In following this model, one can see that buildings 
are akin to the eye muscles, while occupants are akin to the eye lens. In other words, adaptive 
sensory environments can adapt to harness and enhance the power of their occupants. This 
can help them to coordinate efforts and achieve milestones and goals not previously possible.

Communication between buildings can foster coordination and collaboration for learning and 
subsequent improvement. It is important to note that adaptive sensory environments, behav-
ing in a muscle-like manner, are able to help boost occupant efforts through both teamwork 
and learning. The environment can help occupants with better collaboration, which in turn, 
can improve learning and overall goal attainment. For example, if city citizens want to engage 
in greener behaviors, then communicating buildings can target and focus upon different and 
complementary goals including increased recycling, reduced energy consumption, and less 
unnecessary waste. The inter-communicating buildings act as muscles that help empower the 
effort of city citizens to not only support their efforts, but to also coordinate and reward them.

6. Learning from stereopsis for 3D vision

The human eyes provide an excellent example and model for how adaptive sensory buildings 
can communicate with one another. By studying and decoding how the biological system of 
the human eyes function together, architects and urban planners can expand their thinking 
about how to design beyond the typical boundaries within architectural and urban conditions. 
In particular, the eyes model how a design can work by continuously focusing on visual tar-
gets that are ever-changing, much like the real-world dynamics within which architecture and 
urban environments must adapt. It is by using the way human eyes coordinate as a biomimetic 
model that a “communication bridge” can be developed to allow for the “sensemaking” of 
data flowing from and to buildings so they can communicate. Just as muscles help the human 
eyes to focus vision, the communication bridge helps buildings to focus design behavior.
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One human eye that focuses is quite powerful, but two eyes that focus simultaneously unlock 
the power of three-dimensional vision. Without both eyes focusing, depth of vision is not as 
evident. Thus, as buildings engage in communication with each other, just as two eyes do to 
create stereopsis; an entirely new third behavior is born. In other words, one eye focuses on an 
object, but both eyes can focus to see that object in perspective with depth. The same becomes 
true with the design of inter-communicating adaptive sensory environments. As buildings 
communicate, entirely new third behaviors are born.

Without inter-building communication, environments can work against one another. One 
building can literally undo what another has worked so hard to accomplish within a city. 
Similarly, a lack of stereopsis where both the eyes are not communicating with the brain as a 
team, can result in double vision; thus, detracting from the ultimate goal of the eyes, which 
is to see perspective clearly [4]. For this reason, when designers can learn from the way ste-
reopsis works, they can begin to create urban inter-communicating environments that work 
together to unleash new collective building behaviors. Hence, adaptive sensory environments 
create a type of compound effect as can be seen in Figure 1.

In Figure 1, Building A and Building B communicate through a real-time collaboration where 
environmental features learn from each other to optimize building performance for goal-
attainment. In essence, communicating buildings can “tune” their behaviors to guide, teach, 
and reward occupants as they strive to meet their goals, whether they are for an individual 
or for the collective. As both buildings work together to optimize their performance, a com-
pound effect emerges as focused behaviors generate smarter citizen decision-making that 

Figure 1. The compound effect of collective behaviors.
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positively impacts entire urban areas. Thus, a two-way dialog between buildings and occu-
pants becomes critical as each does their part to meet a particular goal.

7. Inter-building communication to target goals in real time

Buildings that learn from each other by cooperating and collaborating make a city more 
nimble in responding to needs. The third behavior formed as buildings cooperate with each 
other means that the built-environment is not working against itself. Instead, it is harnessing 
its resources to yield a cumulative positive impact. In addition, as needs and goals change 
over time, this third behavior can be focused upon different targets because adaptive sensory 
buildings can change and “tune” in real time.

For example, if a city experiences a drought, citizens can work together to conserve water, 
“bridged” and supported by the adaptive sensory buildings. As these buildings communi-
cate, they will nimbly optimize the way they guide, enhance, and reward city citizens. Then, 
as extreme weather conditions change, the city can adapt to mitigate new challenges, as these 
become new goals. Just as the human eyes are continuously focusing on different objects at 
different distances, the adaptive sensory buildings that communicate with one another can 
continuously adjust their aim as they target different needs and goals over time.

Inter-building communication amplifies and empowers collective occupant behaviors in real 
time. By using emerging technologies, such buildings can utilize social media, gamification, 
and even website design principles to optimize themselves with interpreted information from 
other buildings. These digital “doors” help adaptive sensory environments to have dialog 
with each other, with their occupants, and with the surrounding natural context. For example, 
information can be interpreted by a hospital through social media created by an individual or 
the collective, by recognizing winning or losing design behaviors through gamification, or by 
analyzing data regarding the design of different postoperative recovery rooms to see which 
configurations work best for a particular situation.

Thus, communication that is coordinated and collaborative is the linchpin to “focusing” or 
meeting ever-changing needs and goals. This becomes quite important as an overarching 
equilibrium point to keep the planet and occupants healthy is a primary aim, but the way 
in which to achieve health for the planet and occupants changes over time. Adaptability of 
an entire city can be harnessed through its buildings by pulling from the power of both the 
individual and the collective.

In Figure 2, one can see how buildings can work to exchange information that helps them 
to create a third behavior—where both occupants and buildings are working synergistically 
to focus on different urban needs and goals. As Building A and Building B engage with one 
another, the way they communicate and interpret information changes as goals shift over 
time. In other words, communicating buildings can collaborate in real time to meet simul-
taneous goals and/or shifting goals set by citizens. Buildings act as eye muscles that help 
occupants to focus their behaviors toward helping them reach their desired goals at micro- 
and macro-scales. Thus, through inter-building communication, it becomes possible to have 
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urban buildings work both independently and collectively for the good of both the citizen 
and the planet. All of this becomes possible with inter-communicating adaptive sensory 
environments.

8. Evoking beneficial occupant behaviors

Buildings that communicate can engage individuals to contribute beneficially through col-
lective behaviors that achieve urban goals. Adaptive sensory environments that exchange 
information create a third behavior that is a hybrid behavior, which can tackle goals differ-
ently than if individual buildings never communicated. The benefit of this resides in the way 
such buildings can learn from each other—through designed competition, by applying tested 
design methods, or by learning directly from the preferences of city citizens.

For instance, inter-building communication evokes greener behavior in citizens, and thus, 
brings impact that is more positive to the planet. As weather has potential to become extreme, 
citizens need to coordinate their efforts to mitigate negative weather effects. An inter-build-
ing communication framework provides the amplifier by which citizens can pull individual 
efforts together to make a real difference.

An adaptive sensory environment can help its building occupants to engage in greener 
behaviors like recycling, using less energy, and walking or cycling instead of driving an 
automobile. Using gamification, it becomes possible to not only guide, enhance, and reward 
citizens for their greener behaviors, but it also becomes possible for the whole urban area to 
optimize itself as each building can adapt to incorporate design integrations that are success-
fully working in other buildings. Thus, the city is made up of self-optimizing buildings that 
work together, and not in isolation—as they learn through testing, correction, and adaptation. 
Citizens benefit as their usage of such buildings impacts what and how environments in such 
a city get optimized.

Figure 2. System design using the human eye as a model.
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9. Creating an inter-building “communication bridge”

Creating an inter-building “communication bridge” is like seeing the city as a brain that flexes 
its muscles (the buildings) to focus its lenses (the occupants) to meet more collective needs 
faster and with higher quality. In essence, a city can mirror the plasticity of the human brain 
as it adjusts and changes over time to meet citizen needs and goals. The inter-building com-
munication framework enhances such plasticity, as the third behaviors resulting from col-
laborating buildings allow for new kinds of evolutionary growth.

As a city works to optimize itself for its citizens, it must pull from its best features to uplift 
those weaker ones. As adaptive sensory environments communicate with each other, new 
ways in which to collaborate surface and city optimization can turn into faster and more 
profound evolution.

A framework for how such a city-wide inter-building communication system can be realized 
arises with the proliferation of nanotechnology, ubiquitous computing, wearables, micro-
architectures, and the interconnection of everyday things. These sensing and data collecting 
devices can relay real-time data into the communication bridge. Cities can use one or mul-
tiple bridges by which to facilitate inter-building collaboration. By interpreting and correlat-
ing in-flowing data through pattern-detection methods, a “sensemaking” action occurs at the 
bridge, by which to make optimal city-wide decisions. From these data, building actuators 
can interact and engage with their occupants at more micro-levels. Thus, the communication 
bridge makes inter-building communication and collaboration possible (Figure 3).

An example of present-day technology that would help such a communication bridge to be 
realized can be seen in the Hexagon Geospatial Smart Maps. These smart maps create inter-
faces by which to visualize and assess quality and incidents of aspects like urban or building 
infrastructure and resources through a real-time dashboard that provides insights on condi-
tions as they occur. Such maps have been used for the 2016 Brazil Olympics to help with 
real-time safety in Rio de Janeiro where the smart map interface allowed for 360-degree views 

Figure 3. Inter-building communication bridge.
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through a digital model of the real Olympic city along with the map interface by which to 
monitor and analyze incident place, time, and patterns. Again, all of this was key to help keep 
safety throughout the Olympic city [5]. Smart maps are also being used in the Netherlands to 
help assess and make decisions about infrastructure that is so critical in this location where 
road traffic, weather patterns, and water infrastructure must be monitored and evaluated 
continuously [6].

Smart maps are an example of how real-time data can be collected through sensors, analyzed, 
correlated, and used to make decisions not only after an event occurs, but also while it is 
occurring or even before it occurs (through predictive measures). With smart maps it becomes 
possible to engage in the sensemaking of data for building collaboration and coordination. 
These maps become a critical piece of the communication bridge.

Yet, the role of technology in creating an inter-building communication bridge is critical. 
While technology contributing to the Internet of Everything (IoE) helps to make inter-build-
ing communication possible, there are certain challenges that arise. For example, such tech-
nology should not isolate or confuse. In other words, one must beware of having a particular 
building or feature design become the majority that isolates or diminishes the minority [7]. In 
addition, inter-building communication technology should not create such complex design 
solutions that they become useless.

It also is important to preserve certain functions within building types that could become 
more hybrid. In this case, it may be beneficial to redefine building types to innovate functions 
that are better suited for meeting occupant needs and goals in this adaptive sensory design 
manner. For example, an office building may innovate its functionality by learning from a 
school, as it places more emphasis upon learning and free “play” time for creative thinking 
by workers. As such buildings communicate, new goals and priorities will arise—perhaps 
creativity becomes more important than productivity within certain businesses.

Furthermore, it also becomes important for adaptive sensory environments to nurture the 
occupant cultures they serve. In this case, a particular office building culture may be very 
different from another office building culture. Such inter-building communication that helps 
buildings optimize themselves must customize the way in which it interprets information 
from another building. An office building can learn from another without sacrificing what 
makes it unique.

In the end, inter-building communication between adaptive sensory environments is most 
effective when buildings learn from one another while also fusing into third behaviors that 
allow the city to “focus” on its prioritized citizen needs and goals.

10. The role of gamification, social media, and augmented reality

Technologies for inter-building communication frameworks give rise to such usages as gami-
fication, social media, and augmented reality. And these all can converge to form the real-time 
design and optimization of place. As gamification provides incentive, guidance, and reward 

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry24

to occupants, social media can help such occupants to coordinate and collaborate for the com-
mon good. Augmented reality can help occupants to make more informed decisions since, 
with this technological advancement, they can see deeper into their environments. In this 
way, there will be a convergence between the digital and physical.

Just as the human eye works to form perception from physical objects, inter-building com-
munication technologies will help occupants make smarter decisions from physical environ-
ments. These decisions can lead to greener, healthier, safer, and even more productive or 
creative behaviors. The guiding principle of all of this is to not only have adaptive sensory 
environments communicate with occupants within each building, but to also have buildings 
communicate with each other city-wide, so the collective of citizen behaviors can have more 
profound positive impact upon their future, particularly as these behaviors become smarter 
over time.

11. A/B split test for behavioral optimization

The brain adapts as it forms visual perceptions from what the eyes see, and this ability to 
compensate for visual discrepancies is very important. For example, if one eye is focusing 
more weakly than the other, then the brain will bias the stronger eye. Thus, a similar approach 
to inter-building communication can work as a healthy competition, or A/B Split Test can be 
used to optimize buildings in real time.

Healthy competition between buildings can work if a learning approach is at the core of the 
competition. An A/B Split Test, a term and practice used in website design, can be applied to 
inter-communicating adaptive sensory buildings. Since each building adapts to its occupants’ 
needs and goals in real time, it is important for environments to not become design “echo 
chambers”—where architectural features optimize themselves in a closed loop.

In Figure 4, the difference between closed loop and open loop optimization can be seen. The 
key is to have adaptive sensory buildings interconnect through a communication network that 
allows collaborating building clusters to participate proactively in real-time city-wide goals. 
Furthermore, such a city-wide communication network can help building clusters to learn 
from one another. For example, one cluster may create a better A/B Split Test that can be rep-
licated in another cluster. In the end, it is important for inter-communicating buildings to be 
connected for local, city, and global benefits. After all, highly successful building clusters can 
impact environments in different cities as they learn, interpret, and apply the positive results. 
An open loop design framework is vital for inter-building adaptive sensory communication.

Within an open loop design optimization of place, environments both reference themselves 
and other buildings outside of themselves to help them learn, adapt, and grow. This type of 
evolution can be empowered by adapting an A/B Split Test approach.

During a website design A/B Split Test, a webpage design element is tested against another 
alternative by tracking how website visitors interact with the element and page. For example, 
the winning design element may have the most visitor clicks.
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A/B Split Testing can be used to help encourage the positive learning and growth of inter-com-
municating adaptive sensory design buildings. By allowing two or even three buildings to enter 
into such an A/B Split Test, particular design elements can be compared against one another 
to see which performs best. And since these sensory buildings adapt in real time, the winning 
design element can be interpreted and then incorporated to optimize the other designs.

Within an A/B Split Test, design features from one hospital can be compared against another 
hospital’s feature. Or a hospital feature in a postoperative recovery room can be compared 
against a patient’s home bedroom. In this case, the hospital room can better “tune” as it adapts 
itself to optimize for ideal patient healing.

Such A/B Split Tests can be used for any building type, as long as there is a network for the 
inter-building communication system. In essence, Split Tests can help buildings to improve 
themselves by not being so self-referential. At the city scale, this allows buildings to learn 
from each other, and at the global scale this allows cities to collaborate.

12. Competition for growth and healing

By learning from other buildings, adaptive sensory environments can grow, as they evolve 
into better forms of themselves. However, they may also be able to heal themselves in real 
time, at a multitude of scales—from building-scale to urban-scale.

Figure 4. Closed loop versus open loop design optimization.
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Similarly, healthy competition can be used within one building as rooms can also learn from 
one another. Essentially, the inter-building communication system allows environments to 
optimize—by reaching out to distinctly separate other environments, be they right around the 
corner within the city, or within another city across the globe.

The human eyes cooperate with one another, and their “competing” views are actually 
very critical to how the human brain and mind work to form perspective and perception. 
Similarly, as two buildings compete with one another, they are simply offering alternative 
design solutions.

It is important to note that just because building designs may be involved in an A/B Split Test, 
the winning design is not necessarily the better overall design. Two buildings can learn from 
one another, as one environment may perform better with certain functions, while another 
environment performs better with other functions. Inter-building communication allows for 
the best design integrations to influence others.

The A/B Split Testing method is not a means by which designs should simply copy other 
designs. The interpretation of design usage in one place can influence the way a design 
operates in another. However, care should be taken to ensure that a place does not lose its 
authenticity.

As inter-building communication unifies city buildings through form, function, and even 
meaning, it becomes important for the authenticity of place to remain standing. After all, the 
certain culture of a particular office building, or the way a hospital nurtures its patients in 
a particular part of the world will likely differ. Yet, universal lessons can be learned, inter-
preted, and applied from building to building within different cultures.

By using healthy competition to improve designs in real time, larger leaps in design evolu-
tion can be taken. Adaptive sensory environments that communicate with each other become 
innovators, driven by the thumbprint of their original architectural designers.

In the end, such healthy competition helps to strengthen what works, and helps to eliminate 
design weaknesses. This is particularly advantageous as certain citizen goals surface. The aim 
of A/B Split Testing environments through inter-building communication is to find those key 
leverage points where optimal benefit can be pulled from a design to positively impact more 
people. Yet, healthy competition is only one way in which to use the system framework of 
inter-building communication.

As buildings advance in the way they are able to communicate and learn from each other, 
greater occupant customization will become possible through occupant control points. For 
example, an occupant can “bridge” their home office preferences with their office building 
workplace preferences—to either keep them different or similar. The key with inter-building 
communication is to allow personal choice for occupants when they need it, while also being 
versatile enough as a design to be able to present them with those choices.

As environmental designs learn from each other, the choices and variations they can provide 
occupants for certain situations will grow as well. Thus, buildings will be better able to adapt, 
to nurture, and to grow with the occupants they serve. This will strengthen design so as to 
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help it “fit” occupants at a more nuanced level. Again, this will help them to learn better, to 
make smarter decisions better, and to engage in more beneficial behaviors.

13. The emergence of symbiotic ecosystems

As inter-building communication links buildings together into a type of network, an ecosys-
tem emerges. Much like the natural environment ecosystem, the city ecosystem cultivates 
the power to heal itself, particularly as buildings use such information “bridges” to learn 
from each other. And when both urban and natural ecosystems interact adaptively with one 
another, they become symbiotic.

By using teamwork at all scales: rooms within buildings learn from each other to optimize 
a building, buildings within cities learn from each other to optimize a city, and cities within 
the world can learn from each other to optimize for global goals. All of this teamwork can be 
thought of as an important collective “challenge” with missions that serve different scales.

As buildings work together through learning and adapting, they help to empower and 
enhance citizen efforts to improve their own individual quality of life, and the collective qual-
ity of life that serves the greater good. Similarly, the eyes that help the human body to see 
empower the person to improve their quality of life in new ways. In other words, citizens are 
the lenses of the city—giving the city focus through adapting buildings that work to meet 
goals by acting collaboratively.

In essence, the built-environment ecosystem can enter into a new type of dialog with the natu-
ral environment ecosystem. This symbiotic relationship serves to help each ecosystem enhance, 
grow, and heal itself. For example, as cities harness built-environment and citizen behaviors, 
they can positively impact the natural environment by adapting or even reversing disturbances.

Inter-building communication for adaptive sensory environments is key to magnifying the 
positive effects of beneficial behaviors. As the built and natural ecosystems enter into a two-
way dialog, architectural design will keep occupants at the center, but in additional new 
ways. Inter-building communication extends the reach of beneficial citizen behaviors, while 
also pulling from these behaviors to harmonize with nature anew.

By strategically designing inter-building communication within cities, a renewed relationship 
between the built and natural worlds arises. This way of designing will raise the conscious-
ness of citizens so they engage in smarter decision-making while also knowing that their 
behaviors have a tangible impact upon the greater context that is the planet. Thus, buildings 
can be designed to communicate so they can retain their individual authenticity but can also 
act together to create maximized positive impact.

Just as the eyes see to help a person visualize where they are going, with communication, the 
city can “see” to help citizens visualize where they are going. Furthermore, as inter-building 
communication is applied to adaptive sensory environments, those citizens will have the abil-
ity to optimize, enhance, and take action on behaviors that lead to their goals—including a 
safer environment, a healthier planet, and a happier world.
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Just as the eyes see to help a person visualize where they are going, with communication, the 
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Abstract

These days, flying insects are seen as genuinely agile micro air vehicles fitted with smart
sensors and also parsimonious in their use of brain resources. They are able to visually
navigate in unpredictable and GPS-denied environments. Understanding how such tiny
animals work would help engineers to figure out different issues relating to drone
miniaturization and navigation inside buildings. To turn a drone of ~1 kg into a robot,
miniaturized conventional avionics can be employed; however, this results in a loss of
their flight autonomy. On the other hand, to turn a drone of a mass between ~1 g (or less)
and ~500 g into a robot requires an innovative approach taking inspiration from flying
insects both with regard to their flapping wing propulsion system and their sensory
system based mainly on motion vision in order to avoid obstacles in three dimensions or
to navigate on the basis of visual cues. This chapter will provide a snapshot of the
current state of the art in the field of bioinspired optic flow sensors and optic flow-
based direct feedback loops applied to micro air vehicles flying inside buildings.

Keywords: optic flow, sense and avoid system, micro air vehicle (MAV), unmanned
aerial vehicle (UAV), bionics, bioinspired robotics

1. Introduction

1.1. The biorobotic approach

Fifty years ago, Karl von Frisch observed that foraging bees fly to a distance somewhat greater
than 13 km from their hive in search of food sources [1], but honeybees were not able to be
trained to collect a reward beyond this limit; it thus corresponded to their maximum foraging
distance. The area of the circle, whose center is the hive and radius the maximum foraging
distance, represents a huge surface area of 530 km2. Even knowing that the average length of a
honeybee is about 13 mm, the volume of its brain is lower than 1 mm3 and contains around
960,000 neurons [2, 3], and each worker honeybee’s compound eye contains ~5500 facets
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comprised of nine photosensitive cells (i.e., 99,000 photosensitive cells for the whole worker bee’s
visual system) [4]; it is still unknown what visual cues are used during honeybees’ journeys nor
how they are used in flight to recognize its location and to navigate within a space whose
dimensions are a million times larger than their bodies. Karl von Frisch was awarded the Nobel
Prize in Physiology or Medicine 1973 for his scientific achievement in describing the honeybees’
“waggle dance,” which is used by bees to communicate both the distance and the azimuthal
orientation of a profitable nectar source. The 8-shaped geometry of the waggle dance codes the
position of a nectar source. The duration of the waggle is closely correlated to the distance of the
nectar source [5], and the honeybee’s odometer appears to be driven by motion vision [6]. The
“8” orientation is highly correlated to the azimuthal orientation of a nectar source [1]. In flight,
honeybees use a kind of “solar compass” based on polarized ultraviolet light [7–9] instead of a
“magnetic compass” to maintain their heading toward the nectar source or their hive. Karl von
Frisch therefore concluded that bees “recruited” by this dance used the information encoded in it
to guide them directly to the remote food source. To better understand the honeybee’s recruit-
ment process, the Biorobotics Lab at the Freie Universität Berlin has developed a robotic honey-
bee mimicking the “waggle dance” using a biorobotic approach [10].

While the biological substrate has not yet been fully identified [12], the biorobotic approach is
particularly useful both in the fields of neuroscience and robotics [13–20], because the robotic
model can be tested under similar experimental conditions such as ethological experiments
and it can suggest new biological hypotheses (Figure 1). From these interactions between
ethological experiments, computational models, and robotics (Figure 1), uncertainties can be
removed by considering the minimum requirements to perform any navigational tasks (e.g.,
[21–25]). Insect-sized micro air vehicles (MAVs) are increasingly becoming a reality [26–31]
and in the future will have to be fitted with sensors and flight control devices enabling them to
perform all kinds of aerial maneuvers inside buildings including takeoff, floor, ceiling and wall
avoidance, tunnel-following, and landing.

Figure 1. Description of the biorobotic approach using successive interactions between animal behavior, computational
models, and robotics. Picture of the honeybee landing on a milk thistle flower from Wikimedia commons (picture taken
by Fir0002/Flagstaffotos under CC-BY license). Picture of the BeeRotor robot fitted with a twin CurvACE artificial
compound eye from [11] under CC-BY license.
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1.2. What is optic flow?

The optic flow perceived by an agent (an animal, a robot, or a human) is particularly depen-
dent on the structure of the environment [32–36]. Optic flow can be defined by a vector field of
the apparent angular velocity of objects, surfaces, and edges in a visual scene caused by the

relative motion between an agent and the scene (Figure 2). Optic flow ω! (Eq. (1)) is the

combination of two optic flow components: a translational optic flow ω!T and a rotational optic

flow ω!R [35]:

ω!¼ ω!T þ ω!R (1)

Flying insects like hymenopterans stabilize their heads by compensating for any body rota-
tions [37]. Accordingly, any robot’s visual system is assumed to be perfectly stabilized in space,
therefore canceling all rotation due to body pitch and roll with respect to the inertial frame.
Consequently, the robot’s visual system experiences only translational optic flow, and the

visual system will receive a purely translational optic flow (ω!R ¼0
!
). The translational optic

flow (expressed in rad/s) can be defined as follows:

ω!T ¼ �
V
! � V

! � d!
� �

� d!

D d
!� � (2)

where d
!
is a unit vector describing the viewing direction, V

!
is the translational velocity vector

and D d
!� �

is the distance from the object as seen by photosensors.

However, in the horizontal plane, the magnitude of the translational optic flow, which
describes the front-to-back motion occurring when the agent moves forward, depends only
on the ratio between the relative linear speed V and the distance Dw from the objects providing
an optical contrast in the environment (the walls in Figure 2) and the azimuth angle w between
the gaze direction and the speed vector (Eq. (3)):

Figure 2. The LORA robot fitted with a heading-lock system travels straightforward through a tapered corridor perceiv-
ing a purely translational optic flow. This optic flow experienced by the robot is schematized by the white arrows (i.e.,
angular velocity vectors) on the walls (adapted from [25] under CC-BY license).
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ωT ¼ V
Dw

� sin wð Þ (3)

Translational optic flow (Eq. (3)) is particularly appropriate for short-range navigation because
it depends on the ratio between (i) the relative linear speed of an object in the scene with
respect to the agent and (ii) the distance from obstacles in the surrounding environment: this
visual angular speed cue does not require either speed or distance measurement (Eq. (3)).

1.3. Why use optic flow in robotics?

Flying robots are today capable of accurately evaluating their pose in outdoor flight using conven-
tional sensors such as the global positioning system (GPS) and inertial measurement unit (IMU).
This is very efficient for long-range navigation at hundreds of meters above the ground, without
any obstacles around, for example, an airplane in cruising flight. Nevertheless, the expanding set
of roles for flying robots increasingly calls for them to operate close to obstacles (<1 m) in all
directions in GPS-denied or cluttered environments including buildings, warehouses, performance
halls, or urban canyons. Robots can have difficulties receiving the GPS signal, but they have to pick
up the 3D structure of the surrounding environment to avoid obstacles and accomplish their
missions. At such a short distance from obstacles (<1 m), the environment is completely
unpredictable: it is obviously very difficult to map the entire environment in 3D at such a scale in
real time. A more efficient approach would consist of the robot continuously using local informa-
tion to avoid obstacles while waiting for global information to pursue its mission. Most of the time,
the use of emissive proximity sensors such as ultrasonic or laser range finders, radar, or scanning
light detection and ranging (LIDAR) has been considered for this purpose. Such emissive sensors
can be bulky, stealth-compromising, high energy, and low-bandwidth, compromising their utility
for tiny and insect-like robots [26–31]. It is well known that flying insects are sensitive to optic flow
[16, 19, 36, 38]; moreover, they are able to measure the optic flow of their surroundings irrespective
of the spatial texture and contrast [39, 40] and also that some of their neurons respond monoton-
ically to optic flow [36, 41]. Consequently, there are considerable benefits in terms of both number
of pixels and computational resources by designing guidance systems for micro flying robots fitted
with passive sensing, such as motion vision, inspired by flying insects.

1.4. The chicken-and-egg problem of translational optic flow

A given magnitude of translational optic flow is a kind of chicken-and-egg problem (Eq. (3)),
because an infinite number of couples (speed; distance) lead to the same speed/distance ratio,
in other words the same optic flow magnitude, coming from a surface (Figure 3a). For
instance, an optic flow magnitude of 2 rad/s (i.e., 115�/s) can be generated by a robot flying at
1 m/s at 0.5 m above the floor, flying at 2 m/s at 1 m above the floor, and so on (Figure 3a). To
get around the optic flow chicken-and-egg problem, roboticists introduced the assumption
prevailing in those days that robots have to measure their own speed by using a tachymeter on
wheels [21, 42], a GPS unit [43], or a custom-built Pitot tube [44], in order to assess the distance
from obstacles and then to avoid them, and conversely have to measure the distance from
obstacle by means of an ultrasonic distance sensor [45] in order to assess their own ground
speed. However, flying insects are not able to directly measure their true ground speed (but
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only their airspeed [46] or their airspeed rate [38]) or their distance from obstacles by using
their binocular vision which is too limited [47]. Flying insects do not actually solve the optic
flow chicken-and-egg problem to cross tunnels but instead use visuomotor feedback loops
directly based on optic flow by perceiving it in a wide field of view with their compound eyes
seeing both the floor and the ceiling (Figure 3b) and also the walls [48, 49].

2. Bioinspired optic flow sensors

The criteria for evaluation of the potential of optic flow sensors for MAV applications include:

• Visual sensors must be able to deal with the large dynamic range of natural irradiance
levels, which can cover up to 9 decades during the course of the day.

• Range of optic flow covered (i.e., the angular speed magnitude), defined by the number of
optic flow decades. There is now evidence that flying insects are able to measure the optic
flow over a range of more than 1.4 decades [41, 50].

• Accuracy and precision, defined by systematic errors and coefficients of variation CV < 0:5.

• Output refresh rate, defined by the instantaneous output frequency (>10 Hz).

2.1. Taking inspiration from the compound eye

The structure of a compound eye is based on a large number of repeating units called omma-
tidia (Figure 4). Each ommatidia is composed of a facet (hexagonal lens, diameter from ~30 to

Figure 3. (a) The chicken-and-egg problem of translational optic flow. An infinite number of couples (speed; distance)
lead to the same speed/distance ratio ωground (the same angular velocity/optic flow magnitude). For instance, in this

illustration an optic flow magnitude of ωground ¼ 2 rad/s (or 115
�
/s) is coming from the ground. (b) To get around the optic

flow chicken-and-egg problem shown in (a), the flying agent has to pick up optic flow in a wide field of view or in
different parts of the field of view, here by jointly measuring optic flow coming from the ceiling (ωceiling) and the floor
(ωfloor).
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lead to the same speed/distance ratio ωground (the same angular velocity/optic flow magnitude). For instance, in this

illustration an optic flow magnitude of ωground ¼ 2 rad/s (or 115
�
/s) is coming from the ground. (b) To get around the optic

flow chicken-and-egg problem shown in (a), the flying agent has to pick up optic flow in a wide field of view or in
different parts of the field of view, here by jointly measuring optic flow coming from the ceiling (ωceiling) and the floor
(ωfloor).
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~60 μm) which focuses the incoming light toward the photosensitive cells [19, 51]. Each
ommatidia optical axis is separated by an interommatidial angle Δf which defines the spatial
acuity of the visual system [52]. The interommatidial angles Δf are smaller in the frontal part
of the visual system than in the lateral, dorsal, or ventral parts as observed in any compound
eye [52–54]. In bioinspired robots, a sine-law gradient (Eq. (4)) is generally used in the hori-
zontal plane in artificial compound eye design [21]:

Δf wð Þ ¼ Δf 90
�� � � sin wð Þ (4)

Once the spatial sampling has been carried out, the narrowness of the ommatidia performs a
type of automatic low-pass filtering on the visual signals reaching the photosensitive cells. The
diffraction of the light through the lens leads to a Gaussian angular sensitivity [52, 55, 56],
which acts as a blurring effect. This angular sensitivity is described by the width at half height,
called the acceptance angle Δr (Eq. (5)):

Δr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ
Dl

þDr

f

s
(5)

where Dl is the lens diameter, λ is the wavelength, Dr is the rhabdom diameter (i.e., pixel
diameter in artificial design), and f is the ommatidium focal length. The acceptance angle Δr and
the interommatidial angle are roughly equal (Δr ≈Δf) in diurnal insects [52] for each ommatid-
ium, which allows for continuity in visual signals (low aliasing) and avoids oversampling the
environment. Moreover, the photosensitive cells’ dynamics can achieve a temporal frequency up
to 100 Hz in dipterans [57]; well beyond human vision (central vision up to 50 Hz).

In artificial design, most of the time Dl ≫λ, the light diffraction is therefore not considered;
thus, Δf ¼ d

f with d the pixels pitch and f the focal length and Δr ≈Δf can be obtained by

Figure 4. Head of a blue bottle fly Calliphora vomitoria, Austin’s ferry, Tasmania, Australia (2009). Picture: J.J. Harisson
under CC-BY license. There are 6000 ommatidia per compound eye of a blowfly Calliphora erythrocephala. The two
compound eyes cover 85% of the visual field, which represents a full panoramic view field except in their blind spot
caused by their own body. The minimum interommatidial angle of a Calliphora erythrocephala visual system is ΔΦ ¼ 1:1

�

in the frontal part, up to 2� in the ventral part [52].
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slightly defocusing the lens (see section 2.2.). Two artificial compound eyes have been already
built with either inorganic semiconductor photoreceptors comprising 630 pixels with
Δf ¼ Δr ¼ 4:2

�
[58] or organic photodiodes comprising 256 pixels with Δf ¼ 11

�
and

Δr ¼ 9:7
�
[59].

2.2. Taking inspiration from biological signal processing

Thirty years ago, a bioinspired local motion sensor (LMS) was designed [60, 61], the signal
processing scheme of which was based on a time-of-travel algorithm directly inspired from
fly’s motion-sensitive neurons [19, 51, 62]. A time-of-travel algorithm directly measures the
delay Δt taken by a contrast edge to travel between the visual axes of two adjacent pixels,
separated by an inter-pixel angle Δf. The optic flow is therefore naturally an inverse function
of this delay Δt (Eq. 6), and the optic flow range measurement depends jointly on the choice of
the inter-pixel angle Δf and on the timespan, which was reported from 10 to 230 ms in fly’s
motion-sensitive neurons [19, 51, 62] and considered in the LMS signal processing as well:

ωmeas ¼ Δf
Δt

(6)

The signal processing scheme of the bioinspired LMS is depicted in Figure 5a and can be
broken down into the eight following steps:

1. Spatial sampling realized by the photoreceptor’s optical axes separated by an angle Δf
[52, 55, 56].

Figure 5. (a) Original analog local motion sensor (LMS). Only the thresholding stage of the ON contrast pathway is
represented here, but both ON and OFF contrast pathways were implemented in the original full analog LMS in [61]
(redrawn from [19]). (b) Analog-digital implementation of a local motion sensor (redrawn from [25, 63]).
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~60 μm) which focuses the incoming light toward the photosensitive cells [19, 51]. Each
ommatidia optical axis is separated by an interommatidial angle Δf which defines the spatial
acuity of the visual system [52]. The interommatidial angles Δf are smaller in the frontal part
of the visual system than in the lateral, dorsal, or ventral parts as observed in any compound
eye [52–54]. In bioinspired robots, a sine-law gradient (Eq. (4)) is generally used in the hori-
zontal plane in artificial compound eye design [21]:

Δf wð Þ ¼ Δf 90
�� � � sin wð Þ (4)

Once the spatial sampling has been carried out, the narrowness of the ommatidia performs a
type of automatic low-pass filtering on the visual signals reaching the photosensitive cells. The
diffraction of the light through the lens leads to a Gaussian angular sensitivity [52, 55, 56],
which acts as a blurring effect. This angular sensitivity is described by the width at half height,
called the acceptance angle Δr (Eq. (5)):
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λ
Dl

þDr

f

s
(5)

where Dl is the lens diameter, λ is the wavelength, Dr is the rhabdom diameter (i.e., pixel
diameter in artificial design), and f is the ommatidium focal length. The acceptance angle Δr and
the interommatidial angle are roughly equal (Δr ≈Δf) in diurnal insects [52] for each ommatid-
ium, which allows for continuity in visual signals (low aliasing) and avoids oversampling the
environment. Moreover, the photosensitive cells’ dynamics can achieve a temporal frequency up
to 100 Hz in dipterans [57]; well beyond human vision (central vision up to 50 Hz).

In artificial design, most of the time Dl ≫λ, the light diffraction is therefore not considered;
thus, Δf ¼ d

f with d the pixels pitch and f the focal length and Δr ≈Δf can be obtained by

Figure 4. Head of a blue bottle fly Calliphora vomitoria, Austin’s ferry, Tasmania, Australia (2009). Picture: J.J. Harisson
under CC-BY license. There are 6000 ommatidia per compound eye of a blowfly Calliphora erythrocephala. The two
compound eyes cover 85% of the visual field, which represents a full panoramic view field except in their blind spot
caused by their own body. The minimum interommatidial angle of a Calliphora erythrocephala visual system is ΔΦ ¼ 1:1

�

in the frontal part, up to 2� in the ventral part [52].
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slightly defocusing the lens (see section 2.2.). Two artificial compound eyes have been already
built with either inorganic semiconductor photoreceptors comprising 630 pixels with
Δf ¼ Δr ¼ 4:2

�
[58] or organic photodiodes comprising 256 pixels with Δf ¼ 11

�
and

Δr ¼ 9:7
�
[59].

2.2. Taking inspiration from biological signal processing

Thirty years ago, a bioinspired local motion sensor (LMS) was designed [60, 61], the signal
processing scheme of which was based on a time-of-travel algorithm directly inspired from
fly’s motion-sensitive neurons [19, 51, 62]. A time-of-travel algorithm directly measures the
delay Δt taken by a contrast edge to travel between the visual axes of two adjacent pixels,
separated by an inter-pixel angle Δf. The optic flow is therefore naturally an inverse function
of this delay Δt (Eq. 6), and the optic flow range measurement depends jointly on the choice of
the inter-pixel angle Δf and on the timespan, which was reported from 10 to 230 ms in fly’s
motion-sensitive neurons [19, 51, 62] and considered in the LMS signal processing as well:

ωmeas ¼ Δf
Δt

(6)

The signal processing scheme of the bioinspired LMS is depicted in Figure 5a and can be
broken down into the eight following steps:

1. Spatial sampling realized by the photoreceptor’s optical axes separated by an angle Δf
[52, 55, 56].

Figure 5. (a) Original analog local motion sensor (LMS). Only the thresholding stage of the ON contrast pathway is
represented here, but both ON and OFF contrast pathways were implemented in the original full analog LMS in [61]
(redrawn from [19]). (b) Analog-digital implementation of a local motion sensor (redrawn from [25, 63]).
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2. Spatial low-pass filtering performed by the Gaussian angular sensitivity function of the
defocused lens (correspond to a blurring effect) and characterized by the angular width at
half height, called the acceptance angle Δr. Unlike natural compound eyes in which
spatial low-pass filtering automatically results from diffraction [52], the cutoff spatial
frequency depends on the amount of defocusing [60, 61].

3. Phototransduction: a logarithmic amplifier was originally used (five decades of lighting)
[60, 61], a linear amplifier was used (three decades of lighting) [64], or more recently auto-
adaptive photodetectors were designed as artificial retinas [58, 65], which consisted of a
logarithmic amplifier associated with a high-gain negative feedback loop (seven decades
of lighting). Results with auto-adaptive pixels are reminiscent of analogous experiments
carried out on single vertebrate [66] and invertebrate [67] photodetectors.

4. Temporal high-pass filtering of photoreceptor signals in each channel not only to cancel
the direct component but also to accentuate the transient signals created by contrasting
edges (derivative effect).

5. Temporal low-pass filtering to reduce noise (e.g., 100 Hz interference originating from
artificial lighting). Such temporal band-pass filtering was identified in two large mono-
polar cells L1 and L2 inside the fly’s lamina [68–70]. However, two discrepancies can be
reported in the technological design: the high-pass and low-pass filters are switched with
respect to the biological model in the bioinspired LMS due to electronic constraints, and
the low-pass filter is the fourth order in the bioinspired LMS rather than the third order in
the biological model.

6. Hysteresis thresholding performed on signals to detect contrast transition and also to
discriminate ON and OFF transitions. There is now strong evidence that the fly’s motion
pathway is fed by separate ON and OFF pathways [51, 71, 72].

7. Pulse generation on the first channel though a low-pass filter, then generating a long-lived
decaying signal (first-order unit impulse response) approximating a mathematical inverse
function [60, 61].

8. Pulse generation on the second channel, sampling the long-lived decaying signal coming
from the first channel through a diode minimum detector circuit [60, 61]. The LMS output is
therefore a pulse-shaped signal whose magnitude represents the local optic flowmagnitude.

Accordingly, the optic flow measurement ωmeas (here in volts) results from sampling the long-
lived exponentially decaying function (with a time constant τ), varies inversely with Δt, and
hence increases with the true optic flow ω according to the following equation:

ωmeas ωð Þ ¼ Vcc � e�
ω0
ω (7)

ω0 ¼ Δf
τ

(8)

with Vcc representing the power supply voltage. This original analog functional scheme can
measure the optic flow in a range ω0

4 ; 4 � ω0
� �

, corresponding to a 1.2 decade of optic flow
measurement.
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This bioinspired LMS (Figure 5) features three major benefits: firstly, the LMS output responds
monotonically to the magnitude of the optic flow and therefore acts like a local optic flow sensor,
which is vital to get non-equivocal information about the distance from surrounding obstacles;
secondly, the refresh rate of the LMS output is asynchronous and relatively high (>10 Hz
depending on lighting conditions) which is suitable for indoor navigation; and, thirdly, the
thresholding stage makes the LMS output virtually independent of texture and contrast.

The bioinspired LMS scheme based on a time-of-travel algorithm (Figure 5) is not a “correlator
scheme” or “Hassenstein-Reichardt detector” (HR detector) [73, 74] whose output is depen-
dent on texture and contrast. Another variant of the bioinspired LMS based on a time-of travel
algorithm has been proposed over the past 20 years and is known as “facilitate-and-sample”
algorithm [75, 76].

2.3. Local motion sensors and artificial retinas

Since the original analog design depicted in Figure 5a [60, 61], various versions of the
bioinspired LMS have been built including analog-digital implementations as depicted in
Figure 5b (for an FPAA implementation and an 8-bit microcontroller implementation running
at 1 kHz [77], for an FPGA implementation running at 2.5 or 5 kHz [78], for an LTCC
implementation running at 1 kHz [25, 79, 80], and for a 16-bit microcontroller implementation
running at 2 kHz) [64]. These various versions of the bioinspired LMS have been built in order
to reduce size, mass, or power consumption while benefiting from computational resources to
increase the number of LMSs.

An original LMS version was developed including an iC-Haus™ LSC 12-channel photosensor
array forming 6 pixel and five LMSs [63]. The outputs of five LMS were associated to a step
merging based on a median filter; both the precision and the accuracy in the optic flow
measurement were greatly improved [63]. Moreover, to increase by at least four times the
number of LMSs that can be embedded in a 16-bit microcontroller, a linear interpolation
applied to photosensor signals was used to reduce the sampling rate and thus save computa-
tional resources [81]. The best trade-off between computational load and accuracy was found
at a sampling rate of 200 Hz [81].

In the framework of a European project called CurvACE (2009–2013; www.curvace.org),
aiming at mimicking the Drosophila melanogaster’s compound eye, the first artificial compound
eye was built [58]. This functional prototype with its 630 pixels (forming 630 artificial omma-
tidia) offered a wide view field (180 � 60�) over a significant range of lighting conditions and
weights ~2 g [58] (see twin CurvACE version in Figure 8a).

A recent optic flow sensor based on the M2APix retina (M2APix stands for Michaelis–Menten
auto-adaptive pixel [65]) can auto-adapt in a 7 decade of lighting range and responds appro-
priately to step changes up to �3 decades [82]. The pixels do not saturate thanks to the
normalization process performed by the very large-scale integration (VLSI) transistors [65];
this is due to the intrinsic properties of the Michaelis–Menten equation [66]. A comparison of
the characteristics of auto-adaptive Michaelis–Menten and Delbrück pixels [83] under identical
lighting conditions (i.e., integrated in the same retina) demonstrated better performance of the
Michaelis–Menten pixels in terms of dynamic sensitivity and minimum contrast detection [65].

Taking Inspiration from Flying Insects to Navigate inside Buildings
http://dx.doi.org/10.5772/intechopen.72918

39



2. Spatial low-pass filtering performed by the Gaussian angular sensitivity function of the
defocused lens (correspond to a blurring effect) and characterized by the angular width at
half height, called the acceptance angle Δr. Unlike natural compound eyes in which
spatial low-pass filtering automatically results from diffraction [52], the cutoff spatial
frequency depends on the amount of defocusing [60, 61].

3. Phototransduction: a logarithmic amplifier was originally used (five decades of lighting)
[60, 61], a linear amplifier was used (three decades of lighting) [64], or more recently auto-
adaptive photodetectors were designed as artificial retinas [58, 65], which consisted of a
logarithmic amplifier associated with a high-gain negative feedback loop (seven decades
of lighting). Results with auto-adaptive pixels are reminiscent of analogous experiments
carried out on single vertebrate [66] and invertebrate [67] photodetectors.

4. Temporal high-pass filtering of photoreceptor signals in each channel not only to cancel
the direct component but also to accentuate the transient signals created by contrasting
edges (derivative effect).

5. Temporal low-pass filtering to reduce noise (e.g., 100 Hz interference originating from
artificial lighting). Such temporal band-pass filtering was identified in two large mono-
polar cells L1 and L2 inside the fly’s lamina [68–70]. However, two discrepancies can be
reported in the technological design: the high-pass and low-pass filters are switched with
respect to the biological model in the bioinspired LMS due to electronic constraints, and
the low-pass filter is the fourth order in the bioinspired LMS rather than the third order in
the biological model.

6. Hysteresis thresholding performed on signals to detect contrast transition and also to
discriminate ON and OFF transitions. There is now strong evidence that the fly’s motion
pathway is fed by separate ON and OFF pathways [51, 71, 72].

7. Pulse generation on the first channel though a low-pass filter, then generating a long-lived
decaying signal (first-order unit impulse response) approximating a mathematical inverse
function [60, 61].

8. Pulse generation on the second channel, sampling the long-lived decaying signal coming
from the first channel through a diode minimum detector circuit [60, 61]. The LMS output is
therefore a pulse-shaped signal whose magnitude represents the local optic flowmagnitude.

Accordingly, the optic flow measurement ωmeas (here in volts) results from sampling the long-
lived exponentially decaying function (with a time constant τ), varies inversely with Δt, and
hence increases with the true optic flow ω according to the following equation:

ωmeas ωð Þ ¼ Vcc � e�
ω0
ω (7)

ω0 ¼ Δf
τ

(8)

with Vcc representing the power supply voltage. This original analog functional scheme can
measure the optic flow in a range ω0

4 ; 4 � ω0
� �

, corresponding to a 1.2 decade of optic flow
measurement.
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This bioinspired LMS (Figure 5) features three major benefits: firstly, the LMS output responds
monotonically to the magnitude of the optic flow and therefore acts like a local optic flow sensor,
which is vital to get non-equivocal information about the distance from surrounding obstacles;
secondly, the refresh rate of the LMS output is asynchronous and relatively high (>10 Hz
depending on lighting conditions) which is suitable for indoor navigation; and, thirdly, the
thresholding stage makes the LMS output virtually independent of texture and contrast.

The bioinspired LMS scheme based on a time-of-travel algorithm (Figure 5) is not a “correlator
scheme” or “Hassenstein-Reichardt detector” (HR detector) [73, 74] whose output is depen-
dent on texture and contrast. Another variant of the bioinspired LMS based on a time-of travel
algorithm has been proposed over the past 20 years and is known as “facilitate-and-sample”
algorithm [75, 76].

2.3. Local motion sensors and artificial retinas

Since the original analog design depicted in Figure 5a [60, 61], various versions of the
bioinspired LMS have been built including analog-digital implementations as depicted in
Figure 5b (for an FPAA implementation and an 8-bit microcontroller implementation running
at 1 kHz [77], for an FPGA implementation running at 2.5 or 5 kHz [78], for an LTCC
implementation running at 1 kHz [25, 79, 80], and for a 16-bit microcontroller implementation
running at 2 kHz) [64]. These various versions of the bioinspired LMS have been built in order
to reduce size, mass, or power consumption while benefiting from computational resources to
increase the number of LMSs.

An original LMS version was developed including an iC-Haus™ LSC 12-channel photosensor
array forming 6 pixel and five LMSs [63]. The outputs of five LMS were associated to a step
merging based on a median filter; both the precision and the accuracy in the optic flow
measurement were greatly improved [63]. Moreover, to increase by at least four times the
number of LMSs that can be embedded in a 16-bit microcontroller, a linear interpolation
applied to photosensor signals was used to reduce the sampling rate and thus save computa-
tional resources [81]. The best trade-off between computational load and accuracy was found
at a sampling rate of 200 Hz [81].

In the framework of a European project called CurvACE (2009–2013; www.curvace.org),
aiming at mimicking the Drosophila melanogaster’s compound eye, the first artificial compound
eye was built [58]. This functional prototype with its 630 pixels (forming 630 artificial omma-
tidia) offered a wide view field (180 � 60�) over a significant range of lighting conditions and
weights ~2 g [58] (see twin CurvACE version in Figure 8a).

A recent optic flow sensor based on the M2APix retina (M2APix stands for Michaelis–Menten
auto-adaptive pixel [65]) can auto-adapt in a 7 decade of lighting range and responds appro-
priately to step changes up to �3 decades [82]. The pixels do not saturate thanks to the
normalization process performed by the very large-scale integration (VLSI) transistors [65];
this is due to the intrinsic properties of the Michaelis–Menten equation [66]. A comparison of
the characteristics of auto-adaptive Michaelis–Menten and Delbrück pixels [83] under identical
lighting conditions (i.e., integrated in the same retina) demonstrated better performance of the
Michaelis–Menten pixels in terms of dynamic sensitivity and minimum contrast detection [65].
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Different kinds of algorithms have been developed to compute local motion; these have pro-
duced different hardware implementations including templates, time of travel, feature track-
ing, edge counting, edge correlation, and the Hassenstein-Reichardt correlator [30, 84, 85] and
also different software implementations [85]. However, analog VLSI motion sensors provide
significant reductions in power consumption and payload while increasing bandwidth,
improving both precision and accuracy in optic flow measurement for MAVapplications.

3. Optic flow-based navigation inside buildings

3.1. Obstacle avoidance in the horizontal plane

3.1.1. Keeping the bilateral optic flow constant: a speed control system

The idea of introducing a speed control system based on optic flow was firstly developed by
Coombs and Roberts [86]. Their Bee-Bot adjusted its forward speed to keep the optic flowwithin
a measurable range, using a bilateral optic flow criterion to control the robot’s speed. The
bilateral optic flow criterion (sum of the left and right optic flows) as a feedback signal to directly
control the robot’s speed was first introduced by Santos-Victor and colleagues [87] onboard the
Robee robot. Qualitatively, the robot’s speed was scaled by the level of the environment’s visual
clutter. Since then, the bilateral optic flow criterion as a feedback signal to directly control the
robot’s forward speed has been tested onmany robots in both straight and tapered corridors [25,
87–94]. The desired bilateral optic flow was ~12�/s for the Bee-Bot robot [87], ~19�/s in [88], ~46�/s
in [88], ~21�/s in [91], 190, or 250�/s in [25] and [94]. The higher the desired bilateral optic flow, the
faster the robot will advance while moving close to the walls.

3.1.2. Dual optic flow regulation

The first optic flow regulator was originally developed for ground avoidance when following
terrain [25, 95]. An optic flow set point is compared to a measured optic flow to provide an
error signal, this latter feeding into a regulator controlling a force orthogonal to the direction of
motion. The combination of a unilateral optic flow regulator for controlling the lateral posi-
tioning on either side and a bilateral optic flow regulator for controlling the forward speed has
been called a dual optic flow regulator [96]. The dual optic flow regulator concept was
originally developed for aerial vehicles endowed with natural roll and pitch stabilization
abilities, in which planar flight control systems can be developed conveniently [96] in order to
mimic honeybees’ abilities in the horizontal plane [16, 39, 97, 98] and to avoid the weaknesses
of the optic flow balance strategy in the presence of lateral openings (see review [99]). The dual
optic flow regulator was implemented for the first time onboard an 878-gram fully actuated
hovercraft called LORA, which stands for lateral optic flow regulator autopilot [25, 94] (Figure 7a).
The dual optic flow regulator is based on:

i. A unilateral optic flow regulator (Figure 6b) that adjusts the hovercraft’s lateral thrust so
as to keep the two perceived lateral optic flows higher (left or right) equal to a sideways
optic flow set point (noted ωsetSide). The outcome is that the distance to the nearest wall
becomes proportional to the hovercraft’s forward speed Vf , as determined in (ii).
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ii. A bilateral optic flow regulator (Figure 6c) adjusts the hovercraft’s forward thrust so as to
keep the sum of the two lateral optic flows (right and left) equal to a forward optic flow
set point (noted ωsetFwd).

In a steady state, with a given corridor width of D, the final operating point of the dual optic
flow regulator will be

Vf∞ ¼ ωsetSide � ωsetFwd � ωsetSideð Þ
ωsetFwd

�D (9)

y∞ ¼ ωsetFwd � ωsetSide

ωsetFwd
�D (10)

As a consequence, the robot’s speed will asymptotically and automatically be scaled by the
corridor width or even by the environment clutter (Figure 7b). By increasing the forward optic
flow set point ωsetFwd at a given sideways optic flow set point ωsetSide, one can change the robot’s
forward speed. By reducing the sideways optic flow set point at a given forward optic flow set
point, one can induce a graceful shift from “wall-following behavior” to “centering behavior”
[96]. “Centering behavior” occurs as a particular case of “wall-following behavior,” whenever
ωsetSide ≤ωsetFwd=2 [96]. In addition, the dual optic flow regulator requires a third feedback loop
to stabilize the robot around its vertical axis, which makes the robot experience purely

Figure 6. Functional diagram of the dual optic flow regulator (OF stands for optic flow; FOV stands for field of view; and
LMS stands for local motion sensor). (a) Heading-lock system canceling any robot rotations. (b) Speed control system
based on bilateral optic flow regulation. (c) Lateral obstacle system based on unilateral optic flow regulation. (from [25]
under CC-BY license).
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Different kinds of algorithms have been developed to compute local motion; these have pro-
duced different hardware implementations including templates, time of travel, feature track-
ing, edge counting, edge correlation, and the Hassenstein-Reichardt correlator [30, 84, 85] and
also different software implementations [85]. However, analog VLSI motion sensors provide
significant reductions in power consumption and payload while increasing bandwidth,
improving both precision and accuracy in optic flow measurement for MAVapplications.

3. Optic flow-based navigation inside buildings

3.1. Obstacle avoidance in the horizontal plane

3.1.1. Keeping the bilateral optic flow constant: a speed control system

The idea of introducing a speed control system based on optic flow was firstly developed by
Coombs and Roberts [86]. Their Bee-Bot adjusted its forward speed to keep the optic flowwithin
a measurable range, using a bilateral optic flow criterion to control the robot’s speed. The
bilateral optic flow criterion (sum of the left and right optic flows) as a feedback signal to directly
control the robot’s speed was first introduced by Santos-Victor and colleagues [87] onboard the
Robee robot. Qualitatively, the robot’s speed was scaled by the level of the environment’s visual
clutter. Since then, the bilateral optic flow criterion as a feedback signal to directly control the
robot’s forward speed has been tested onmany robots in both straight and tapered corridors [25,
87–94]. The desired bilateral optic flow was ~12�/s for the Bee-Bot robot [87], ~19�/s in [88], ~46�/s
in [88], ~21�/s in [91], 190, or 250�/s in [25] and [94]. The higher the desired bilateral optic flow, the
faster the robot will advance while moving close to the walls.

3.1.2. Dual optic flow regulation

The first optic flow regulator was originally developed for ground avoidance when following
terrain [25, 95]. An optic flow set point is compared to a measured optic flow to provide an
error signal, this latter feeding into a regulator controlling a force orthogonal to the direction of
motion. The combination of a unilateral optic flow regulator for controlling the lateral posi-
tioning on either side and a bilateral optic flow regulator for controlling the forward speed has
been called a dual optic flow regulator [96]. The dual optic flow regulator concept was
originally developed for aerial vehicles endowed with natural roll and pitch stabilization
abilities, in which planar flight control systems can be developed conveniently [96] in order to
mimic honeybees’ abilities in the horizontal plane [16, 39, 97, 98] and to avoid the weaknesses
of the optic flow balance strategy in the presence of lateral openings (see review [99]). The dual
optic flow regulator was implemented for the first time onboard an 878-gram fully actuated
hovercraft called LORA, which stands for lateral optic flow regulator autopilot [25, 94] (Figure 7a).
The dual optic flow regulator is based on:

i. A unilateral optic flow regulator (Figure 6b) that adjusts the hovercraft’s lateral thrust so
as to keep the two perceived lateral optic flows higher (left or right) equal to a sideways
optic flow set point (noted ωsetSide). The outcome is that the distance to the nearest wall
becomes proportional to the hovercraft’s forward speed Vf , as determined in (ii).
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ii. A bilateral optic flow regulator (Figure 6c) adjusts the hovercraft’s forward thrust so as to
keep the sum of the two lateral optic flows (right and left) equal to a forward optic flow
set point (noted ωsetFwd).

In a steady state, with a given corridor width of D, the final operating point of the dual optic
flow regulator will be
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As a consequence, the robot’s speed will asymptotically and automatically be scaled by the
corridor width or even by the environment clutter (Figure 7b). By increasing the forward optic
flow set point ωsetFwd at a given sideways optic flow set point ωsetSide, one can change the robot’s
forward speed. By reducing the sideways optic flow set point at a given forward optic flow set
point, one can induce a graceful shift from “wall-following behavior” to “centering behavior”
[96]. “Centering behavior” occurs as a particular case of “wall-following behavior,” whenever
ωsetSide ≤ωsetFwd=2 [96]. In addition, the dual optic flow regulator requires a third feedback loop
to stabilize the robot around its vertical axis, which makes the robot experience purely

Figure 6. Functional diagram of the dual optic flow regulator (OF stands for optic flow; FOV stands for field of view; and
LMS stands for local motion sensor). (a) Heading-lock system canceling any robot rotations. (b) Speed control system
based on bilateral optic flow regulation. (c) Lateral obstacle system based on unilateral optic flow regulation. (from [25]
under CC-BY license).
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translational optic flow. The robot’s heading is maintained by a heading-lock system (based on
a micro-compass enhanced by a micro-gyrometer) controlling the rear thrusters differentially
in closed-loop mode (Figure 6a).

3.1.3. Bioinspired visuomotor convergence

Humbert put forward the bioinspired visuomotor convergence concept during his PhD degree
(PhD thesis [100], obstacle avoidance and speed control [101, 102], terrain-following [103],
corridor-following [92, 93, 104], urban canyon-following [105]) to control both land-based and
flying robots solely on the basis of optic flow. This theory is based on the spatial decomposi-
tions performed by the neurons in the insect visuomotor system [106–108] that extract relative
velocity and proximity information from patterns of optic flow. Advantages of bioinspired
visuomotor convergence include:

• Significant improvements in signal-to-noise ratio of relative velocity and proximity infor-
mation since one feedback signal is given across many estimates of optic flow [105].

• Through proper choice of weighting functions, the rotational and translational compo-
nents can be separated automatically and do not require any derotation procedure [93].

To compare the bioinspired visuomotor convergence theory to the “optic flow balance strat-
egy” that frequently fails in one-sided corridors or those with openings in a wall (see review
[99]) or the switching mode strategy employed in such environments [87, 88], the bioinspired
visuomotor convergence in [109, 110] retains the strategy of balancing lateral optic flows and
leverages the stability and performance guarantees of the closed loop to achieve stable

Figure 7. (a) A fully autonomous sighted hovercraft equipped with a minimalistic (8 pixel) compound eye. (b) Automatic
wall-following behavior as the function of the initial ordinate in both tapered and bent corridors. (from [25] under CC-BY
license).
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quadrotor flight in corridor-like environments which include large openings in a wall or
additional structures such as small poles.

3.1.4. Image expansion to avoid frontal obstacles

The “optic flow balance strategy” was originally suggested to explain the centering behavior
along a straight corridor (see review [99]). However, it turned out that this strategy, when used
alone, did not allow an agent to avoid frontal obstacles, i.e., following a corridor that included
L-junctions or T-junctions without using the frontal view field [111]. The frontal image expan-
sion can therefore be used to estimate the time to contact [112] by means of the optic flow
divergence [113, 114] and trigger a prespecified rotation angle around the robot’s vertical axis.
A simulated small helicopter could therefore trigger U-turns when encountering frontal obsta-
cles [115], a wheeled robot could trigger a rotating angle of 90� [111] or of 110� [90] in front of
an obstacle, or the robot could stop and rotate on the spot until the frontal range once again
became large enough [88]. Other robots use a series of open-loop commands, called body
saccades, to avoid a frontal obstacle. The saccade duration has either been set to a constant
prespecified value [116, 117], determined according to a Gaussian distribution [118], or mod-
ulated using optic flow [119–123]. Recently, an optic flow-based algorithm has been developed
to compute a quantified saccade angle; this has allowed a simulated fully actuated hovercraft
to negotiate tight bends by triggering body saccades, on the basis of a time-to-contact criterion,
and to realign its trajectory parallel to the wall along a corridor that includes sharp turns [124].

3.2. Obstacle avoidance in the vertical plane

Ventral optic flow can be used by aerial robots [125–127] to achieve different maneuvers:
takeoff, terrain-following, flying nap of the earth, landing, and decking in the same way as
honeybees do it [5, 97]. Ventral optic flow was also employed for ground avoidance onboard
MAVs by maintaining the ventral optic flow at a given set point using a ventral optic flow
regulator [95]. Another control algorithm based on a “bang-bang” method was used onboard
MAVs to control their lift such that if a certain threshold of ventral optic flow was exceeded,
the MAV elevator angle would be moved to a preset deflection [120, 121, 128].

Recently, the dual optic flow regulation principle applied in the vertical plane was tested
onboard an 80-gram rotorcraft called BeeRotor [11]. As a third control feedback loop, an active
system of reorientation based on a quasi-panoramic eye constantly realigned its gaze parallel
to the nearest surface followed: BeeRotor demonstrated its abilities and achieved automatic
terrain-following despite steep reliefs (Figure 8) without a need for inertial frames to access the
verticality as flying insects do. Indeed, behavioral experiments performed 35 years ago on
flying insects in zero gravity [129] or recent behavioral experiments with hymenopterans [37]
or dipterans [130] demonstrated that flying insects do not actually sense verticality in flight by
means of gravity perception as vertebrates do. The eye reorientation therefore enables
BeeRotor, at an earlier stage, to detect the increase in the optic flow due to steep relief in order
to properly avoid the obstacle [11]. Additionally, in the framework of the “Green Brain” project
managed by James Marshall, a dual optic flow regulator for both speed control and lateral
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divergence [113, 114] and trigger a prespecified rotation angle around the robot’s vertical axis.
A simulated small helicopter could therefore trigger U-turns when encountering frontal obsta-
cles [115], a wheeled robot could trigger a rotating angle of 90� [111] or of 110� [90] in front of
an obstacle, or the robot could stop and rotate on the spot until the frontal range once again
became large enough [88]. Other robots use a series of open-loop commands, called body
saccades, to avoid a frontal obstacle. The saccade duration has either been set to a constant
prespecified value [116, 117], determined according to a Gaussian distribution [118], or mod-
ulated using optic flow [119–123]. Recently, an optic flow-based algorithm has been developed
to compute a quantified saccade angle; this has allowed a simulated fully actuated hovercraft
to negotiate tight bends by triggering body saccades, on the basis of a time-to-contact criterion,
and to realign its trajectory parallel to the wall along a corridor that includes sharp turns [124].
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Ventral optic flow can be used by aerial robots [125–127] to achieve different maneuvers:
takeoff, terrain-following, flying nap of the earth, landing, and decking in the same way as
honeybees do it [5, 97]. Ventral optic flow was also employed for ground avoidance onboard
MAVs by maintaining the ventral optic flow at a given set point using a ventral optic flow
regulator [95]. Another control algorithm based on a “bang-bang” method was used onboard
MAVs to control their lift such that if a certain threshold of ventral optic flow was exceeded,
the MAV elevator angle would be moved to a preset deflection [120, 121, 128].
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onboard an 80-gram rotorcraft called BeeRotor [11]. As a third control feedback loop, an active
system of reorientation based on a quasi-panoramic eye constantly realigned its gaze parallel
to the nearest surface followed: BeeRotor demonstrated its abilities and achieved automatic
terrain-following despite steep reliefs (Figure 8) without a need for inertial frames to access the
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managed by James Marshall, a dual optic flow regulator for both speed control and lateral
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positioning and a ventral optic flow for altitude control were implemented onboard a small
quadrotor [131].

3.3. Obstacle avoidance inside a maze

In silico experiments in a maze were mainly carried out in urban-like environments with a flying
robot at a relatively high speed Vf in relatively wide urban canyons ([115] with Vf = 1 m/s and a
minimum urban canyon width Dmin = 4 m; [43] with Vf = 13 m/s and Dmin = 40 m; [44] with Vf =
14 m/s and Dmin = 50 m; [132] with Vf = 2 m/s and Dmin = 10 m), hence generating an optic flow,
coming from the walls, lower than 45�/s. On the other hand, navigating inside a building
requires measuring not only the optic flow with a high refresh rate (>10 Hz), but also high optic
flowmagnitude in the range of those shown in Figure 3 (i.e., >100�/s). In order to achieve this, the
LORA robot is driven by a body saccadic system (see section 3.1.) and a dual optic flow
regulator-based intersaccadic system (see section 3.1.) as depicted in detail in [124]. In Figure 9,
the optic flow set points have been set at ωsetSide ¼ 90

�
=s and ωsetFwd ¼ 130

�
=s; the LORA robot is

seen to explore at Vf ¼ 0:33� 0:21 m/s inside the building and to adopt two possible routes
along straight sections (following either the right wall or the left wall) according to Eqs. (9) and
(10) leading to an operating point Vf∞ = 0.48 m/s and y∞ = 0.31 m in a steady state. Except three
lateral contacts with the walls (red crosses in Figure 9) where there are either a salient angle (90�)
or a returning angle (270�), the LORA robot is able to explore for ~23 minutes inside the building
even though it is fitted with a minimalistic visual system (16 pixel forming eight LMSs).

Figure 8. (a) BeeRotor I robot equipped with a twin CurvACE sensor [58]. (b) Experimental setup. (c) Trajectories of the
robot BeeRotor II following the ground thanks to a dual optic flow regulator applied in the vertical plane and a fixed eye
(blue traj.) or a decoupled eye (red traj.) oriented parallel to the ground (adapted from [11] under CC-BY license).
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4. Drones in the field of architecture

Over the last decade, camera-equipped unmanned aerial vehicles (UAVs) are increasingly
used in the field of architecture for visually monitoring construction, operation of buildings,
and control of a failure of superstructures (skyscraper, stadium, chimney, nuclear area activity,
bridges, etc.) [133]. UAVs can frequently survey construction sites, monitor work in progress,
create documents for safety, and inspect existing structures, particularly for hard-to-reach
areas. UAVs are used not only for 3D modeling for building reconstruction but also photo-
grammetric applications [134]. These UAVs evaluate their pose (i.e., their position and their
orientation) in outdoor flight with a GPS giving an output signal of about 7 Hz (see section
1.3.) forcing drones to work away from structures, which is a drawback to take high-resolution
pictures. In indoor flight, drones work in GPS-denied environments. Consequently, the use of
active proximity sensors such as ultrasonic, laser range finders, radar, or scanning light detec-
tion and ranging (LIDAR) has been most of the time considered for this purpose [135].
However, such active sensors are bulky, high power consumption, low bandwidth, and low-
output refresh rate (2 Hz–5 Hz), compromising their utility for UAV’s fast maneuvers close to

Figure 9. Trajectory of the LORA robot fitted with eight local motion sensors looking ahead at �15�, �30�, �45�, and �90�

but also a heading-lock system by means of both a rate gyro and a micro compass. The LORA robot is driven by a body
saccadic system (merging two incidence angles computed by�30� and�45� LMSswith Eq. (14) in [124]) and a dual optic flow
regulator-based intersaccadic system as depicted in detail in [124]. This maze could represent corridors inside a building. The
LORA robot starts at an initial position (X0 = 0.5 m, Y0=4.5 m) and with the initial headingΨ0 ¼ �5

�
and progresses through

the corridors including challenging junctions for ~23 minutes with only three lateral contacts with the walls (red crosses).
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obstacles or walls. Recently, a lightweight sensor composed of four stereo heads and an inertial
measurement unit (IMU) were developed to perform FPGA-based dense reconstruction for
obstacle detection in all directions at 7 Hz output refresh rate [136]. In another application, a
drone of a mass less than 500 g was developed for photogrammetric 3D reconstruction applied
to a cultural heritage object [137] but requiring a motion capture system to determine accurately
their pose of the robot at a frequency of 500 Hz. Better understanding how flying insects work
will therefore help future drones to operate inside buildings where obstacles are very close.

5. Conclusion

The expanding set of roles for flying robots increasingly calls for them to operate at relatively
high speed close to obstacles (<1 m) in all directions in GPS-denied or cluttered environments
including buildings, warehouses, performance halls, or urban canyons. Tiny flying robots
cannot rely on GPS signals in such complex environments. However, they have to pick up the
3D structure of the surrounding environment in real time to avoid collisions. At a short
distance from obstacles (<1 m), the environment is completely unpredictable; most of the time,
emissive proximity sensors have been considered for this purpose, but now optic flow sensing
is truly becoming a part of MAV avionics in several companies (e.g., senseFly in Switzerland,
Qualcomm or Centeye in the USA), and it can also be used as a direct feedback signal in MAV
automatic guidance in the same way as flying insects use it.
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Abstract

Biodesign can be explained as a method that includes various researches and applications 
related to taking inspiration from natural functions, systems, components, or processes 
in solving a problem. Accordingly, biodesign is commonly used in the design of artifi-
cial devices, structures, and buildings in the field of bioengineering. The recent develop-
ments in the field of biotechnology and bioengineering bring out various products that 
are designed in collaboration with different engineering disciplines. In this chapter, the 
possible use of bacteria, microalgae, and fungi for biomimetic design and the role of bio-
mimicry for these designs will be briefly discussed.

Keywords: bioengineering, biomimetic design, biodesign, microalgae, fungi, bacteria

1. Introduction

Biodesign, in which living organisms can be used as a design input, is a study field that 
takes nature as an example and aims to make sustainable, functional, durable, and nonhealth 
threatening products. In literature, biodesign appears together with concepts such as biomi-
metics, biomimicry, design inspired by nature and morphogenic design [1]. Bioengineering 
is the application of engineering’s analytical, mathematical, and result-oriented approaches 
to the world of biology, while traditional engineering approaches focus on just mathemati-
cal and physical applications to solve the problems or produce a product; bioengineering 
uses all the information about life, human, and all living organisms. This area includes all 
the necessary sciences. Bioengineering deals not just with scientific knowledge but also with 
engineering approaches. In addition to this, biodesign is a methodological approach of new 
innovations inspired by nature or using the living organism itself to make life easier. The bio-
design aims to be ecological, environmental friendly, and also economical. Bioengineering is 
a scientific discipline that fully encompasses the applications of biodesign [2].
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Recently, researchers working in areas such as biology, engineering, architecture, and chemistry 
have come together to work on bioengineered design. The concept of bioengineered design must 
be absolutely interdisciplinary [3]. As is known, there are great differences between the language 
used by basic scientists and engineers. However, it is tried to find common points in these stud-
ies. With the accomplishment of this challenging task, a great new generation of biologically 
inspired design products emerges [4].

It is thought that the biologically inspired design process can take place in six steps. In the 
first step, the problem needs to be identified. At this point, there is a problem that has not 
been noticed before, or a solution that has been proposed before but considered inadequate, 
like reduction of water losses, more benefit from the sun, etc. The second step is to deter-
mine the boundaries of the problem. At this stage, the main objectives of reaching a solution 
point are determined by a biological solution that is sought in the third step. At this point, 
biologically based approaches that may be probing solutions are searched and possible 
solutions are identified. Accordingly, there will be some questions to be answered such as, 
Should a microorganism be used? Should living conditions of a living thing be imitated? In 
the fourth step, the biological solution is examined in detail. The information on this subject 
is compiled, and the outline of the work is settled, and the principles of the fifth step are 
determined. In the sixth step application, bioengineered material suitable for the target and 
purpose is realized [5].

An overview of biologically inspired design products emerging as the greatest indication that 
bioengineering and other sciences is harmoniously integrated into this chapter. The products 
and their areas of use emerged by the designers in this field were examined in general terms. 
Since our primary goal is to emphasize the importance of bioengineering approach in the field 
of biodesign and biomimicry, we have not mentioned the detailed metabolic pathways in the 
products and the issues discussed.

This chapter introduces the usage of microbiology, algal technology, fungal technology, and 
biomaterials into biomimicry and biodesign field. In each section, the approaches proposed 
by different researchers on the subject under the relevant heading and the resulting products 
are explained in detail. By the end of the chapter, the future prospects and potential applica-
tions of biomimetic design are discussed. Considering the recent trends across the globe, a 
full discussion of recent examples is included to raise the awareness of bioinspired and bio-
engineered materials.

2. Bacteria for biodesign

This section focuses on the role of bacteria in biodesign and biomimicry. The used biological 
processes with bacteria or using the properties of bacteria will be considered as important 
alternatives instead of industrial technologies. The given examples are related to direct bacte-
rial production of some biodesign concepts or to use the biomimicry for a bacterial produc-
tion or to model a bacterial behavior. In short terms, bacteria could take a very big role in 
biomimicry and biodesign and many of their abilities are waiting to be discovered.
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According to the United Nations reports [6], desertification will be one of the important envi-
ronmental crises of future life. Currently, 100–200 million people are threatened by the hard 
living conditions of desert life. The most affected countries are Sudan, Chad, and Nigeria. 
One of the solutions of desertification could be microbial-induced calcium production. The 
process occurs by using the bacteria, urea, and calcium source to solidify the sand at 24 h. 
The role of an architect with this process is to choose the best place for the structure. Using 
the ability of sandstone production of some types of bacteria is the most studied subject of 
biodesign concept. An interesting concept for the conditions of a desert life was proposed by 
Magnus Larsson from Architectural Association, London. Sandstone formation in the desert 
can be turned into architectural building structures from sand in a desert to act as a barrier 
to be protected against spread of desert (Figure 1). The ability of Bacillus pasteurii can be 
used to harden the very small sand particles into a nonintended but organized architectural 
structure. The shape of this structure designed by nature will serve as a protector for tress, 
collector of moisture, and a shelter for thousands of people with a very low cost [7]. Also, 
Turkey Biodesign Team, an interactive and creative platform built by the academicians of 
bioengineering, architecture, electrical & electronics engineering, and civil engineering, had 
studied hardening sand for structural materials [8]. The main aim of their first study is to 
build a children’s playground made by biocalcification of sand, which will be totally biologi-
cal and nontoxic. The ability of microorganism to harden sand will be the main process of this 
project. The playground will have tunnel like holes and some areas to slip down. It will be 
an ecological and economical alternative for plastic-based playgrounds, which are generally 
used worldwide.

Another application of the cementation ability of B. pasteurii is Biobrick proposed by 
BIOMASON (Figure 2). The brick is the smallest part of a building, and it is known as the 
oldest construction component that has been used for thousands of years. It has a very simple 
form, and there is no need for specialized engineering skills, materials, or technologies for pro-
duction [9]. However, these conventional basic and old technologies have some disadvantages 
in the view of environment such as intense energy consumption in terms of heat, high amount 
of toxic gas release during production, and the usage of agricultural soil. These factors cause a 
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Recently, researchers working in areas such as biology, engineering, architecture, and chemistry 
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very high-carbon footprint of brick formation industry. Biobrick uses the microbial cementa-
tion process by B. pasteurii to produce a rigid shape with high durability and strength similar 
to conventional bricks. The production times of Biobrick takes 3 days, which is the same as a 
conventional brick. Application of a comparison in terms of carbon footprint will be resulted 
in the superiority of Biobricks. In the view of environment and human health, Biobrick is the 
most ecofriendly solution for building industry [10].

The last application of the microbial cementation is to use their ability to produce CaCO3 to 
heal the cracks of the buildings. The effect of nature such as wind, rain, and the temperature 
changes can be resulted in cracking of the conventional and also the biobricks. Application of 
a healing procedure will improve the durability and strength of the brick and also the lifetime 
of a building. Jonkers group in Delft University has a publication on the healing process of the 
cracks with different types of calcifying bacteria and the healing could be clearly seen from 
SEM shots clearly (Figure 3). Using a natural process for a building is the best environmental 
friendly and sustainable solution [11].

A sustainable world is the main focus of many researchers. The clean and renewable energy 
production is the first step of a sustainable environment and the world. The consumption 
of organic materials increased directly proportional to the population growth and the need 
of disposal of organic wastes is one of the main problems especially for developing coun-
tries. Bioenergy production is one of the important subjects of the sustainable environment, 
and the anaerobic digestion is the key step of bioenergy production. Anaerobic digestion is a 
biomimicry process. The ability of converting lignocellulosic biomass into methane by intes-
tinal activity of herbivory animals is mimicked in an anaerobic digester for methane forma-
tion. About 200 billions of lignocellulosic biomass is produced, and considerable part of this 
biomass is disposed into environment without any treatment. The energy potential of these 
wastes can be used for bioenergy production in an anaerobic digester to improve the quality 
of life and a sustainable environment [12].

This biomimicry concept can be applied in a house for biodesign using these anaerobic bac-
teria. A microdigester can be designed to convert the food waste already released at home 
to supply the energy to cook the food, and the digestate from the anaerobic digester can 

Figure 2. Biobrick that was built by Biomason.
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be used as a fertilizer for the vegetable growth to increase the quality of soil and compost. 
Microbial Home concept is proposed by Jack Mama and Clive Van Heerden based on this idea 
(Figure 4). The components of the microbial digester work in a cyclic way that resembles an 
ecosystem of a house [13].

Cellulose and textile materials are known to be the main causes of environmental pollution. 
For the design of furnish of the house of any type of cover material bacterial cellulose and 
bacterial textile could be the biological and environmental friendly solutions [14]. Natural 
biopolymers produced by bacterial activity can also be used for medical applications [15]. 
Suzanne Lee used the microbial cellulose in her textile design (Figure 5). The microbial cel-
lulose is combination of millions of bacteria grown in bathtubs of sweet green tee to produce 
clothing. Growing leather without an animal is one of the important applications of bacteria 
for biodesign.

The biomimicry of foraging strategy of the bacteria helps to find a way of optimization of 
bioprocess. The artificial potential field method in autonomous vehicle guidance has many 
similarities between foraging algorithms of a bacteria. The uninhabited autonomous vehicles 
generally used in military are optimized by an algorithm derived from the foraging behavior 
of Escherichia coli. The chemotaxis behavior of E. coli was used to derive the algorithm for these 
vehicles [16].

Figure 3. Self-healing cementation by Allain Jonkers. Cement stone specimens with incorporated healing agent (B. cohnii 
spores plus calcium lactate), cracked after 7 (panels A: 250× and B: 1000× magnification), or 28 days curing (panels C: 
500× and D: 2000× magnification). The relatively large (20–80 μm sized) mineral precipitates visible on crack surfaces 
of young specimens (A and B) are presumably due to bacterial conversion of calcium lactate to calcium carbonate. The 
small (2–5 μm sized) precipitates on crack surfaces of older specimens (C and D), larger bacterial precipitates are not 
produced here likely due to loss of viability of cement stone embedded bacterial spores (taken from [2]).
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lulose is combination of millions of bacteria grown in bathtubs of sweet green tee to produce 
clothing. Growing leather without an animal is one of the important applications of bacteria 
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The biomimicry of foraging strategy of the bacteria helps to find a way of optimization of 
bioprocess. The artificial potential field method in autonomous vehicle guidance has many 
similarities between foraging algorithms of a bacteria. The uninhabited autonomous vehicles 
generally used in military are optimized by an algorithm derived from the foraging behavior 
of Escherichia coli. The chemotaxis behavior of E. coli was used to derive the algorithm for these 
vehicles [16].
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spores plus calcium lactate), cracked after 7 (panels A: 250× and B: 1000× magnification), or 28 days curing (panels C: 
500× and D: 2000× magnification). The relatively large (20–80 μm sized) mineral precipitates visible on crack surfaces 
of young specimens (A and B) are presumably due to bacterial conversion of calcium lactate to calcium carbonate. The 
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produced here likely due to loss of viability of cement stone embedded bacterial spores (taken from [2]).
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Biodesign and biomimicry is an emerging strategy to evolve the biological systems for appli-
cation to create novel technologies for a sustainable world and environment. What types 
of products can be produced by bacteria? How bacteria reacts to a outer instigation? How 
their ability can be applied to bioprocess studies? There are a lot of questions waiting to be 
answered for biomimicry and biodesign world.

Figure 4. Microbial home by Philips Design (taken from deezen.com).

Figure 5. Biocouture by Suzanne Lee (taken from biocouture.com).
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3. Microalgal technologies for biodesign

The field of biodesign has risen as a stimulating new multidisciplinary field that merges the 
inspirer solutions from nature with the cutting edge of modern technology, encouraging tech-
nological discoveries that could let people to live sustainable and economic lives, more in 
unity with the environment. Microalgae are considered as the one of the most attractive bio-
based sources with its specific properties.

Microalgae are photosynthetic microorganisms and they generally are adapted to live in 
extreme conditions due to their unicellular or simple multicellular structure [17]. Microalgae 
exist in almost all ecosystems, both aquatic and terrestrial. It is considered that there are more 
than 50,000 strains; however, only half of them have been defined and studied.

Microalgae play a great role in the removal of the CO2, which makes them sustainable and 
environmentally friendly. They use inorganic carbon and light energy to produce fuel for the 
microalgal activities. This functional property attracted the bioengineers and architectures 
attention to investigate their possible usage in constructive structures for a sustainable inhab-
iting. As an example, designer Adam Miklosi was inspired by the concept of mutualism to 
create a futuristic oxygen bar called the Chlorella Pavilion where exhausted people can relax 
and fill up their energy with the oxygen-rich air (Figure 6). Basically, Miklosi aimed to design 
a piping system where living microalgae can be introduced through the structure to create an 
algae fountain. Humans relaxing (and breathing) in this structure would give the microalgae 
the CO2 it needs to survive, and in exchange, the microalgae (strain Chlorella sp.) would give 
the visitors an extra oxygen push-up [18].

The BIQ House in Hamburg was defined as the world’s first microalgae-powered building in the 
world. The SSC (Strategic Science Consult of Germany), a bioreactor technology company, Arup 
(Concept Design) an international design consultant and Colt International, a reactor design 
company are the three partners who developed biofacade concept. This facade is an example of 
a 200-m2 building as residence with an integrated concept of microalgal photobioreactors, and 
with this building, heat can be produced from this reactor. Other important properties of this 
house are dynamic shading, thermal insulation, and abatement of noise. The three partners are 
developing new projects for production of larger scale buildings with commercial benefits [19].

Figure 6. Chlorella Pavilion by Adam Miklosi (taken from inhabitat.com).
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The Algaevator, designed by Jie Zhang and Tyler Stevermer, can be given as another proj-
ect example [20]. This structure basically composed of an microalgae farm to be used as 
a transparent roofing system that can be used in neglected buildings to help regenerate 
urban environments and with that unique structure, the Algaevator can be considered as 
gravity-based photobioreactor (Figure 7). This microalgal-roof can be used for various 
purposes as important products and alternative fuels. This funnel-shaped structure also 
optimizes sun exposure for microalgae production and can also harvest rainwater for 
additional sustainability [20].

Environmental concerns on nonsustainability and petroleum-based source decrease are 
considered as the main issues that we currently face. Microalgae-integrated buildings serve 
a sustainable solution to these problems. Several architects and designers have used these 
microorganisms in their conceptual constructive structures. The microalgae facades have 
functional properties conducted to take advantageous of microalgae considering its property 
to decrease CO2 emission. The breathing-light-responsive facade, which can open and close 
according to temperature changes, is a part of Abu Dhabi towers (Figure 8). When it is dark 
(night), the windows would still be closed, whereas in the day time, it would be opened to let 
the aeration of the building [21].

Microalgae is not only used for their property of absorbing CO2 emissions but also for other 
purposes. In a project conducted by HOK in LA, the algae facade was designed to clean 
wastewater and to filter throughway supporting shading for interior area. It was also tar-
geted to produce lipids that can be converted into biofuel [22]. Another cognitive project is 
Algae Urban Farm in Tehran, Iran proposed by ecoLogic Studio (Figure 9). The project also 
conducted as a photobioreactor tube supplies cooling strategies through its shading effect 
with natural ventilation. Besides, this microalgal facade plays a role as a heat regulator [23]. 
In addition to these projects, Battery Park project in San Francisco was carried out to reduce 
the net energy to zero while reducing CO2 levels [24].

Microalgae also have applications for esthetic purposes in architectural structures that lead 
to an impressive design outcomes with its different geometric variations and characteristic 
colors. Also, microalgae-based facades provide sustainable productions in such areas where 

Figure 7. Algaevator (taken from domusweb.it).
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Figure 8. Abu Dhabi Towers (taken from ihabitat.com).

Figure 9. Algae Urban Farm in Tehran, Iran (taken from 33rdsquare.com).
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no other structures can be built. The Biodesign Institute at Arizona State University was built, 
which is a new structure built in the desert called “tubes in desert” to produce energy engine 
fuel in a more sustainable way. The microalgae live in the tubes with enhanced light penetra-
tion to produce biofuel within an esthetic way [25].

4. Fungi for biodesign

Living organisms can provide a new approach for architectural structures. Bioengineers and 
architects are working on the research of biodegradable materials produced by microorgan-
isms with novel functions. Fungus can also be considered as a biodesign material for durable 
and hard structures.

Fungi have approximately 100,000 known species, are eukaryotic, and belong to the kingdom 
Fungi, including molds, yeast, and mushrooms. Fungi are the most abundant organisms on 
Earth and have great applications for food and medical industry for centuries [26]. Recently, 
researchers used these organisms to build living structures for economic and environmental 
friendly designs. The living project, for example, is considered as one of the most comprehen-
sive designs that was planned to build towers made from corn stalks and fungi (Figure 10). 
This structure is a product with a circular lifecycle in which fungi feeds using corn stalks. This 
tower first starts as fungus and plant matter, then transforms into bricks, finally biodegraded, 
and mixed into soil serving as fertilizers [27].

Moreover, fungi have the capability of being strong, water and fire resistant, and can be used 
as building materials. After drying, the mycelium can be used as a strong concrete material 
to obtain any kind of shape desired. From this point forth, designer Eric Klarenbeek in col-
laboration with researchers at the University of Wageningen produced 3D printed chairs out 
of mycelium (the vegetative part of a fungus) (Figure 11) that makes for a surprisingly solid, 
strong, lightweight, organic, compostable, and durable material for furniture [28].

Figure 10. The living project (taken from designboom.com).
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As another example for durable structures, a new small-scale company in Turkey, called 
Diploid Biotechnological Products, is working on a project to make an environmentally friendly 
insulation material out of fungi that is thinner and stronger than conventional substitutes [29].

Furthermore, New York-based nonprofits Terreform ONE and Genspace created Mycoform, a 
durable and 100% compostable material made from fungi, wood chips, gypsum, oat bran, and 
other biological materials (Figure 12). The mycoform production process is pollution-free, 
sustainable, and requires low energy. This material is produced by agricultural wastes and 
after inoculation with Ganoderma lucidum in a place with higher humidity, the fungi consumes 
the cellulose in the byproducts to create a branch-like network. Then, the branching mycelia 
grow rapidly into a weight-bearing structure [30]. Likewise, large-scale production examples 
for biodesign materials that use fungi are also available.

Ecovative Design in the United States commercially produce a packing material as a com-
petitive alternative to petroleum polymer foam that represents 25% of waste landfill sites and 
contains toxins such as benzene. Their products are made from mycelium that is grown using 
local agricultural wastes and are uniquely rigid and dense [7]. As an another industrial appli-
cation, Microbial Home Project developed by Philips in the Netherlands (Figure 13) provides 
various integrated appliances that refrigerate heat, generate food and help in treatment of 
wastes utilizing bacteria, fungi, and other naturally occurring organisms to mimic an ecosys-
tem and to enable each natural process [7].

Slime molds and oomycetes (water molds) are fungus-like organisms, but they belong to king-
dom Chromista; however, they are often called fungi, as well. Slime molds (Physarum polyceph-
alum) are eukaryotic organisms that can grow as single cell or flocs in the dark. Unlike any 
other organisms, slime molds have discovered to have a unique intelligence and that they can 
learn and predict the laboratory conditions that are unfavorable [31]. Using those abilities, a 
group of researchers from Hokkaido University worked with the slime mold P. polycephalum in 
a humid plate, where they placed the mold in the central position of the plate of Tokyo map and 

Figure 11. A fungus chair (taken from dezeen.com).
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tion to produce biofuel within an esthetic way [25].
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of mycelium (the vegetative part of a fungus) (Figure 11) that makes for a surprisingly solid, 
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Figure 10. The living project (taken from designboom.com).
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As another example for durable structures, a new small-scale company in Turkey, called 
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other organisms, slime molds have discovered to have a unique intelligence and that they can 
learn and predict the laboratory conditions that are unfavorable [31]. Using those abilities, a 
group of researchers from Hokkaido University worked with the slime mold P. polycephalum in 
a humid plate, where they placed the mold in the central position of the plate of Tokyo map and 
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Figure 13. A sustainable design product (taken from dezeen.com).

Figure 12. New Museum NYC grown of mycoform (taken from terreform.org).
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again put oat flakes for feeding the mold on the major cities of Tokyo. In the plate, illuminating 
materials were used to mimic mountainous area and as Physarum avoids bright light, it grew 
and spread through the pathway of water and oats in the plate. Firstly, the mold was filled in 
the plate with plasmodia (its living single form cell) and then thinned by the network creating 
branches to utilize the nutrition efficiently. The final network uniquely and strikingly resem-
bled Tokyo’s rail system [32]. Till then, several studies are performed and reported to show the 
unambiguous potential of the strain. Such as, a similar approach for Izmir map has been con-
ducted as a new project by Turkish Biodesign Team. The same strain will be used for designing 
the walking ways of a special area of Izmir, Turkey. Besides, the studies of the unconventional 
computing through the practice of architecture for slime molds are still in development.

5. Biomaterials for biodesign

Biomedical engineering is one of the most comprehensive fields of study of bioengineering. 
Improvement in patient’s health, the development of new creative and painless surgical tech-
niques, the fight with disability, and even the design and production of vital replacements can 
be done by biomedical applications [33].

A biomaterial is any concept that is in interaction with biological systems. This concept can be 
a matter, a surface, or an artificial tissue. They can be provided directly from nature or syn-
thesized by new, innovative bioengineering approaches. Regenerative medicine and tissue 
engineering are the main areas that cover biomaterials. A lot of new organs or replacements 
of human body can be produced such as prosthesis veins and heart valves, etc. [34].

It is thought that the first biomaterial applications were made in Mayans time. Findings show 
that Mayan’s use some shells in dental operations. In the following years, metals, such as 
silver, gold, and titanium, have been used in some parts of the body. In the following years, 
biomaterials that are compatible with body tissues have been studied [34].

Biomaterials must carry many important criteria in order to adapt to living life:

• Be very resistant to environmental conditions such as heat, pressure, and humidity.

• Have low friction coefficients (for use in joints).

• It must be multifunctional.

• The conditions of products must be at ambient temperatures.

• Have the ability to self-heal and adapt to the neighborhood.

It is necessary to combine the principles of biodesign with a systematic bioengineering approach 
in order to produce biomaterials that are independent of each other but must be found together. 
Engineers are responsible for the design and production of a biomaterial, and life scientists 
should be responsible for the sustainability of vital activities and adaptation to the body [35].

One of the oldest biomimicry approaches known to be designed is black boxes, hoods, and other 
security elements in the air using shock absorptive capability of woodpeckers. Inspired by this 
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approach, a shock absorber material was designed by Yoon and Park [36]. This material is formed 
by combining one rigid surface, one viscoelastic surface, one porosity structure, and another 
rigid structure like a skull representation. This biomaterial designed for degeneration in regions 
prone to impact in the body has found many applications in the medical field (Figure 14).

Another important biomaterial example is “bioglass” (Figure 15). It is a material designed by 
Hench and his colleagues to replace the broken bones of soldiers who were injured during the 
Vietnam War [37]. CaO, P2O5 is added to SiO2, and hydroxyapatite is stimulated to form dif-
ferent forms. By varying the ratios of the molecules, different forms can be produced. Today, 
there are still many varieties that are used instead of bones or that can be used as base materi-
als for the attachment of fibrous materials.

Tissue engineering is the most used field of biomaterials. Bioengineered scaffolds are the most 
important biomaterials that will be used to form a tissue or an organ. Scaffolds act like the 
extracellular matrix in the body, aiming to attach, replicate, transform, and actively function 
on the cells themselves. The porosity of these biomaterials is crucial so that the cells can easily 
access the minimum elements to survive for life. The biomaterial must disappear when cells 
complete their function and become an organ in practice. For this reason, the timing of biodeg-
radation is a very important issue that needs to be addressed [35].

Many materials can be used as biomaterial raw materials.

• Extracellular matrix (ECM).

• Biopolymers: collagen, alginate, chitosan, etc.

• Sensitive polymers; polyglyconic acid, polylactic acid, etc.

• Hydrogels, polyvinyl alcohol.

• Ceramic materials, calcium phosphate, hydroxyapetite.

Another important issue in the biomaterial production is the formation of scaffold structure. 
Providing high porosity and adhesion area is very important in scaffold production, solvent 
casting, melt molding, and 3D printing.

Figure 14. Bioinspired shock absorption system based on the head of the woodpecker (taken from iopscience.iop.org).
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Orthomimetics is an important biomaterial produced by Pek and the colleges [38]. It is an 
osteochondral scaffold. It is two sided and regenerates the bone-cartilage interphase. It is a 
5 mm tape. One side includes type 1 collagen and minerals to support bone formation and the 
other side consists of type 2 collagen and glycosaminoglycan (GAG) to support the cartilage 
formation of the osteoblasts, which helps in the regeneration of bone deformations.

Biomimetic vesicles for drug delivery is very important for a controlled delivery of drug 
to human body. As it is known, cell boundaries are made up of a lipid barrier in which the 
necessary elements first dissolve in and then are released into the cell. This idea was applied 
to a new drug delivery system like in Figure 16.

Figure 15. Bioglass composition [36].

Figure 16. Liposome for drug delivery system (taken from en.wikipedia.org).
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Another example of biomaterials is from cardiac studies proposed by Parker et al. In this 
study, artificial heart muscle prepared by 2D engineering from rat ventricular myocytes was 
formed. The data showed that increased systolic stress increased with increasing sarcoma 
compliance. Studies have suggested that the engineering process of the extracellular space is 
the mean of the self-organizing ability of the contractile apparatus maximizing the contrac-
tile force of cardiac myocytes. These results have significant implications for maximizing the 
physiological function of bioengineering tissues.

Biomimicry of the function and shape will probably result in novel treatments and to mimic 
such bioprocesses will be more difficult to success, but will have more effect. Another impor-
tant project by Dr. Elvassore’s group was developed in an in vitro cardiac tissue test, which 
uses human cardiomyocytes (hCMs) and microtechnologies. hCMs were grown on a poly-
acrylamide hydrogel with adjustable mechanical properties similar to tissues. The data 
showed that micromodeled hCM maintained the expression and functional properties of 
large cardiac markers (cTnT, cTnI, Cx43, Nkx2.5, and a-actinin). These studies are a proof that 
it is still a principle. However, when it is further developed, it may be an important influence 
on drug-based studies. As the researches in biotechnology and drug-development systems 
are increased, the possibility of biomimicry to take progress and take a greater role in these 
areas can deepen in biomedical field.

6. Future prospects

Minimum CO2 emission technologies and sustainable solutions to the daily requirements 
are globally attracting the society and also the governments among developed and develop-
ing countries. Bioengineering presents a unique paradigm in various fields as a novel basis 
for technological thinking. It has been integrated with biomimicry through biodesign that 
involves nature as a massive database of mechanisms and strategies to be implemented in. 
Advancements in bioengineering have led to changes in biodesign approach since the last 
century where the terms of sustainability, environment, and ecological habitat have gained 
attention. The products of bacteria, fungi, and microalgal strains are generally cost effective, 
nontoxic, and natural, and those products can be utilized in daily-used structures/materials.

Bio-based products can be multifunctional, complex, and highly responsive solutions and thus 
can replace the concept of traditional strategies for a known process to improve energy per-
formance into a new form. For example, live structural designs that use microalgae for input 
where buildings can adapt to changes through the environmental variations (temperature, etc.) 
have been realized to answer environmental concerns about greenhouse gases. This building 
can help future structures to be more responsive to both external and internal conditions and 
satisfies welfare levels for humans. However, there are still great challenges about the produc-
tion of the structures planned to be built using biomimetic design approach. The transfer of 
knowledge and technology from bioengineers to architects is difficult. Interdisciplinary stud-
ies between those fields can employ a great role to develop bio-based products in the future.
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7. Conclusion

Last decades, biodesign has gained more importance because of the need in reducing environ-
mental impacts of synthetic and chemical productions. Thus, trends in biodesign are a result 
of the environmental and health-related concerns. For example, using microorganisms for 
biocalcification instead of chemical-based concrete to make concrete self-heal would extend 
the service life of the concrete while lowering the costs of maintenance. As another exam-
ple, the illuminating capacity of microalgae can be used in roads and pathways to increase 
sustainability. Fungi can also serve as a great example for their usage in decorative home 
products. Consequently, using technologies, designs, and models that integrate nature into 
bio-activity in a way that is beneficial to both ecosystem and humanity, whether by bacteria 
or by fungi embedded in infrastructures or algae generating our energy, may be considered 
as the best, smartest, and most applicable way to avoid global ecological ruin.
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Abstract

Mankind has often taken inspiration from the nature to solve problems since nature has 
sophisticated processes, refined for thousands of years. While manmade systems are 
unsustainable, natural processes embody sustainability principles; therefore, there are 
many things to learn from nature in order to solve design problems and create a more 
sustainable future. This is the promise of a biomimetic design approach. Another design 
approach is biodesign, and it also involves utilizing natural elements inside the design. 
The building façade is a problematic research area since it is at the intersection between 
living spaces and natural environment; thus it faces many problems especially regard-
ing energy-air-water transition between indoors and outdoors. Application of key sus-
tainability concepts in architecture such as energy requirements, form and structure, and 
sustainability considerations can be enhanced by learning from natural processes. This 
chapter looks at cutting-edge design principles, materials, and designs in building façades 
through the lens of biomimetics and biodesign. First, the design principles and then the 
materials and some cases are explained. The concepts of biomimicry and biodesign are 
in harmony with the concept of sustainability; however, to reach sustainable façade solu-
tions, the sustainability principles should be at the core of the design problem definition.

Keywords: adaptive façade, biomimetics, biodesign, construction materials, sustainable 
architecture

1. Introduction

The relationship between nature, technology, and architecture is an ancient debate with many 
historical twists and turns; however, these past decades have brought unprecedentedly quick 
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paradigm shifts. Biomimicry is a relatively new term, yet its connotations have been part 
of architecture for millennia, especially in form generation and imitating structural systems. 
While our interpretation for the earliest works is mostly conjecture, the written works relate 
the architectural styles of art nouveau, streamline design, anthropomorphism, zoomorphism, 
biomorphism, organic design, and biologically inspired design as precursors to biomimetics, 
biomimesis, or bionic [1]. While some designers and researchers interpret biomimicry as an 
all-encompassing approach to learn from nature (such as the biomimicry institute), others 
argue it should only be used to identify mimicking biological processes, and other phenom-
ena should be called by different names. These include biophilia (love of nature) for taking 
inspiration from natural forms [2], biomimesis for imitation of natural models and systems, 
and geomimicry for utilizing geological processes instead of biological ones.

One of the recent innovation areas is material sciences, such as new ways of making old mate-
rials and innovation at nanoscales. Biomimicry processes tend to be either problem based, 
from design problem to biology, or solution based, from biology to design [3]. A newer term 
is biodesign; it encompasses mimicking biological processes; moreover it also includes inte-
grating biological organisms as a part of the design or construction processes. Recent innova-
tion areas include redesigning construction methods and material sciences by making use of 
biological materials. While there are few built examples, biodesign continues to evolve and 
utilizes both a problem-based approach and a solution-based approach simultaneously.

In this period of paradigm shifts, Benyus’ definition of the role of architecture as creating envi-
ronments inductive to human life [4] is also evolving. The debates on environmental impact 
and sustainability influence architecture through the world with new codes and measures; 
these are most visible on the topics of energy efficiency and environmental impact of build-
ings during and after construction. However, human-made environments and architectural 
systems are not sustainable since they make use of land, require resource inputs, and gener-
ate waste products. Therefore, architectural practices continue to search for more sustainable 
design concepts; some of the common concepts include passive, active, energy-efficient, zero 
energy, green, and intelligent. Yet all sustainable design concepts place an essential role to the 
building façade design since its place at the intersection between living spaces and natural 
environment makes it the skin of the building, where energy-air-water transition between 
indoors and outdoors occurs.

The main performance criteria of a sustainable façade include “energy requirements,” 
“form and structure,” and “sustainability considerations.” Although all nature-inspired 
designs are not sustainable, this chapter argues that architects and engineers can employ 
biodesign principles for higher performing façades. In this context, this chapter aims to 
investigate the possibilities of biomimetics and biodesign methods in sustainability of con-
structional practices of the future, façades in particular. The scope is looking at design 
parameters, materials, and state of the art in building façades from a biomimetic and bio-
design point of view. Although the number of materials and examples given in this study 
are limited in number, they put forward the given principles. This paper first discusses the 
design principles of sustainable façades, then explains related construction materials, and 
afterward investigates examples.

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry78

2. Design parameters for sustainable biomimetic façades

Façade is the exterior element of the building that separates the indoors and outdoors, yet 
another significant role of a façade is giving image to the building. Façades perform under 
the influence of climate conditions and affect the indoor living conditions; therefore the first 
criteria of a sustainable façade are usually defined as material and energy efficiency (Figure 1). 
Architects and engineers employ thermal, optical, air flow, and electrical mechanisms for 
higher performance in façades. Aksamija defines high-performance sustainable façades as 
exterior enclosures that use the least possible amount of energy to maintain a comfortable inte-
rior environment, which promotes the health and productivity of the building’s occupants [5].

In this context, biomimetics and biodesign have helped to create façades for a long time; 
however, all designs that take nature into consideration are not sustainable. To create a sus-
tainable façade, the design constraints should take into account the parameters for sustainable 
living models, for instance, how do organisms heat, cool, give shade, and control light?

A sustainable design problem would treat an organic skin as animated by natural phenom-
ena, i.e., wind, light, rain, drought, snow, etc. In addition, it can also perform other functions 

Figure 1. Design principles of a traditional facade, by TBT, 2017.
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essential to life such as breathing, carbon capture, and water balance; for such functionality 
they usually have multiple layers. Loonen describes the underlying principles of bio-inspired 
façade design as adaptability, multi-ability, and evolvability [6]. Figure 2 schematically repre-
sents the main design principles for a sustainable façade. Thus energy requirements, functional 
considerations, and structural efficiency should be integrated in a more sustainable façade.

2.1. Energy requirements

The most common design metric for sustainability of buildings is energy requirement to 
regulate the indoor environmental conditions. Most of the energy consumed in a building is 
necessary for heating/cooling requirements and is directly related to the façade design, since 
most of heat and light transfer between indoors and outdoors takes place through the façade. 
The regulation of time-dependent weather data such as solar irradiation, ambient tempera-
ture, sky temperature, wind speed, and relative humidity is necessary. From a sustainability 
point of view, these technologies can be classified under thermal comfort, visual comfort, and 
renewable energy production.

The parameters related to heat and energy transfer are solar radiation, wind, and climate. The 
utilization of a façade for thermal comfort changes according to the properties and thickness 
of the material layers in addition to the heat balance on the element’s surface due to both the 
properties of the materials (i.e., thermal absorption, emissivity, density, specific heat, and 

Figure 2. Design principles of a sustainable facade, by TBT, 2017.
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thermal conductivity). These are usually regulated with architectural technologies including 
solar orientation, insulation, and shading. In addition, there are a number of less common 
dynamic technologies such as thermal mass, dynamic insulation, radiative cooling, phase 
change, energy storage, natural ventilation, and energy generation.

TRIZ is a Russian acronym for theory of inventive problem solving, while BioTRIZ is a meth-
odology that can interpret and transfer data from biology into technological procedures. 
Craig et al. used BioTRIZ to design a roof for a hot climate, Arabia [7]. The problem involves 
conventional roof design with high thermal insulation that would prohibit solar radiation and 
convection effects from warming the thermal mass of the roof yet at the same time restrict its 
radiative cooling. While many solutions were offered by the methodology, the researchers 
chose to replace the existing insulation with an open cell honeycomb that would stop convec-
tive warming yet at the same time allow long wave radiation to pass vertically. They estimate 
a reduction of surface temperature by an average of 4.5°C.

Visual comfort depends on the amount of necessary light and lack of glare. Levels of light 
transmission, transparency, translucency, color, and reflection effect interior-exterior light 
transmission and indoor lighting conditions. While glass systems that respond to light, elec-
tricity, and heat exist, the homeostatic façade system used by architecture firm Decker Yeadon 
mimics the muscle system and uses electrochemistry to lengthen and contract the dielectric 
elastomer to create a self-shading glass [8].

The façades can become generators of renewable energy. The primary energy source on earth 
is photosynthesis, which became the precursor for fossil fuels. Today photovoltaic technology 
biomimics plants to create artificial photosynthesis [9]. Some façades can be used to cultivate 
or act in mutual coordination with species such as algae that can grow and be harvested 
for oil, so they are suitable as a biodiesel, bioethanol, bio-hydrogen, or biomass production 
source (see Section 4.4). Yet these need not be living organisms and can be systems mimicking 
living organisms such as building integrated nano-wind turbines [10].

2.2. Form and structural efficiency

The most common type of biomimicry in architecture is copying surface morphology from 
nature. There are lots of buildings that take their shapes from nature, from bones to leaves and 
flowers to shells. Sometimes the analogy is only morphologic, as in the iconic Sydney Opera 
House’s analogy with an orange shell, yet sometimes the appearance also serves a purpose. 
For instance, the roof of Esplanade Theaters in Singapore by DP Architects uses durian fruit as 
a model and their spikes as inspiration for sun shading and likewise has a secondary sun shad-
ing lattice; thus, it captures the sun, reduces its energy use, and reduces artificial lighting [11].

While most discourses on architecture emphasize that biological data will cause changes in 
architectural paradigms, most of the studies are focused on form generation [12]. Today, com-
plex geometries can be defined by a set of rules for growth in parametric terms using com-
putational methods. Gruber et al. propose a multistage design process that aim to address 
strategic decisions at the start of a project while facilitating exploration of architectural design. 
The stages of this process are identifying the features of the design; extracting feature genes; 
generating the new evolved and developed typology, i.e., phenotype; and altering genes to 
modify the phenotype [13].
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Figure 2. Design principles of a sustainable facade, by TBT, 2017.
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thermal conductivity). These are usually regulated with architectural technologies including 
solar orientation, insulation, and shading. In addition, there are a number of less common 
dynamic technologies such as thermal mass, dynamic insulation, radiative cooling, phase 
change, energy storage, natural ventilation, and energy generation.
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ing lattice; thus, it captures the sun, reduces its energy use, and reduces artificial lighting [11].

While most discourses on architecture emphasize that biological data will cause changes in 
architectural paradigms, most of the studies are focused on form generation [12]. Today, com-
plex geometries can be defined by a set of rules for growth in parametric terms using com-
putational methods. Gruber et al. propose a multistage design process that aim to address 
strategic decisions at the start of a project while facilitating exploration of architectural design. 
The stages of this process are identifying the features of the design; extracting feature genes; 
generating the new evolved and developed typology, i.e., phenotype; and altering genes to 
modify the phenotype [13].
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While utilization of evolutionary algorithms in parametric design is a widely discussed 
research topic, another aspect of digital technology in architecture is making entirely digital 
fabrication possible via CNC or 3D printing for these complex geometries. This would allow 
for material efficiency and ease of fabrication yet continue to be biomimetic. Yet minimal car-
bon footprint is only possible with an efficiently designed structure that is stable and durable 
and makes use of its environment to have minimal impact. Inspiration from biological pro-
cesses and implementation of nature’s principles allows for the design of façades in alignment 
with the flow of forces according to nature of the structure itself.

Through history, most of the structural systems were thus influenced from nature. From the cave 
houses to tensile structures, the prototypes of structural systems surround us through nature. Some 
of the earlier structural system classifications take these into account. The biomimetic approach 
looks at and sees insect mound in the masonry structures such as pyramids, shell structures in 
eggshells, tensile structures in spider webs, cell structures in honeycombs, and pneumatics in soap 
bubbles [14]. The first studies that emphasize that biomimicry is not only formal analogical but 
have to be an inspirational process from nature began in the early twentieth century and spread.

Some examples include Dischinger’s reinforced concrete dome for shells (Figure 3a), Buckminster 
Fuller’s revolutionary geodesic dome construction for space frame construction (Figure 3b), 
and Frei Otto’s work on lightweight construction for tensile structures. In recent studies, the 
façade of One Ocean Pavilion by SOMA Architecture and Knippers Helbig Engineering for 
Yeosu Expo 2012 looks like fish gills from the outside, yet the hingeless structure of the lamellas 
that also regulate the light and air inside was inspired by the opening mechanism of the bird of 
paradise flower [15] (see Section 4.2). Thus bio-kinematics can be transferred to technical con-
structions to create ever-changing surfaces.

2.3. Sustainability considerations

Scientific research suggests that anthropogenic carbon emissions lie at the heart of global 
warming, yet nature uses carbon as a building element of living organisms. An essential issue 
of architectural processes is the utilization of optimum amount of resources and thus has lower 
ecological footprints. Moreover, nature also has no waste since output of one process serves 
as input for another. In addition, the chemical reactions in natural processes require neither 
high temperatures nor toxicity [4]. Another point is that while manmade environments mainly 

Figure 3. Biomimetic structural examples; (left) reinforced concrete dome [16] and (right) geodesic dome [17].
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rely on outside energy sources, the main energy source of nature is the sun and gravity. In 
this way, nature has various clues to offer humans for a more sustainable life. The façades 
also serve many considerations including air quality, water efficiency, carbon capture, use 
of nontoxic materials, low embodied energy, low material consumption, biological behavior, 
responsive, adaptable, breathing, and sensing.

Photosynthesizing or fog eating façades allow for carbon sequestration from the environment 
(see Section 4.3). While they create more air to breathe, they may also allow breathing by the 
planted greenery. In addition, greenery regulates flows of heat, air, water, and electricity to 
maximize energy efficiency. Besides thermal comfort, indoor air quality is directly associated 
with health and productivity issues in buildings [18]. The façade in Council House 2 by Mick 
Pierce in Melbourne makes use of a number of biomimetic principles to manage heating, light-
ing, air quality, and water inside the building. Every aspect of the building has been rethought 
so as to function as a tree with eco-tech architectural technologies. The façade is multilayered 
like the human skin; the outer skin (dermis) consists of stairs, ducts, balconies, sunscreens, 
and foliage for solar and glare control and creates a semi-enclosed microclimate [19].

Water is the source of life on Planet Earth, and it is the living medium for many organisms, yet 
in a building, the water considerations are twofold. First is the protection from water, and sec-
ond is the efficient use of fresh water for resource conservation. Badarnah and Kadri propose 
the BioGen methodology for biomimetic design concept generation. It focuses on investigation 
of integrating a number of strategies to achieve improved solutions [20]. They use this method-
ology on the design problem for a water-harvesting façade in arid regions. First they map their 
exploration in a graph for four hierarchical levels: function, process, factors, and pinnacles that 
inhabit the region. Then they define pathways on the map, select from pinnacles, analyze, and 
classify selected pinnacles in order to reduce complexity. The dominant features in each cat-
egory are identified and superposed with the design paths. The resulting preliminary design 
is based on the Thorny Devil (Figure 4), which is one of the many pinnacles in the system. The 
design includes a bumpy surface that attracts the water molecules, and grooves generated 
between the mounds that encourage capillary action into storage chambers. The water in the 
chambers is then transported through the wall and evaporated inside. They estimate that the 
wall would humidify the interior for one third of the year.

Figure 4. The thorny devil [21].
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3. Biomimetic building materials and techniques for façade 
applications

Today, the building façade is no longer a cover to only protect the structure from the outside envi-
ronment. The design of a façade aims to impart functional characteristics as well as an esthetic 
look; in addition, it considers extending the life of the building with more durable materials. 
Thus, a façade may be designed as an adaptive layer which has a great impact on the energy effi-
ciency and thermal comfort of the whole building. With an interdisciplinary approach, stronger, 
functional, durable, and ecologically efficient building façades may be designed.

Bio-inspired manufacturing, either in micro-, nano-, or macro-level, manufacturing of materi-
als or systems derived from biological self-organization methods, i.e., self-healing, self-clean-
ing, and self-assembly, are efficiently used for these purposes. Biological organisms themselves 
may be enforced to live and produce in a manmade environment, and their efficient character-
istics are engineered; examples of those include fungi-producing thermal insulation materials 
for energy-efficient façades or algal photobioreceptors for energy generation.

The interdisciplinary approach for using microorganisms and/or their products may be termed 
as “microbial biotechnology” or as a more generic name “construction bioengineering.” Bio-
inspired climate adaptive building skins that behave like a living organism may create an 
ecosystem that can provide a mutual relationship with the outdoor environment [22]. As an 
example of green walls, the biological materials such as greenery can be used as a material to 
cover a façade and to control temperature variations [23].

Either on organism, behavior, or ecosystem level, when inspiration comes from nature, it may 
reflect in various ways in building façades: designing a functional or esthetic form; producing 
a functional material for building the façade; adding a novel function, e.g., self-cleaning or 
energy saving; and constructing the façade with a new technique. Sometimes a biomimetic 
process may be used to produce the façade-making materials (Figure 5).

One may classify the biomimetic solutions for construction purposes by observing the exam-
ples available and researching the novel techniques that are still in the initial technology read-
iness levels. However, a deeper question arises, “why do we need biomimetic solutions for 
building façade applications?” Structural and functional necessities as well as rising impor-
tance on sustainability and energy efficiency divert scientists and engineers working on con-
struction materials field to biomimetic solutions (Figure 6).

Regarding the necessities described above, there are many novel solutions based on interdis-
ciplinary to transdisciplinary works. Some examples of façade-making construction materials 
and techniques are described below.

The high contact angle between the surface and the liquid-air interface of some plants, such 
as lotus, results in hydrophobic surfaces; those surfaces have self-cleaning ability as the water 
drops may slip easily carrying the contaminants away from the surface [24]. Gecko feet [25], 
pond skater [26], and shark skin [27] are other examples that human inspire for producing 
functional surfaces. These natural mechanisms were applied by construction industry to many 
products such as self-cleaning paints or clay roof tiles; in addition textile and automotive 
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industry has produced similar solutions. Inspired from photosynthesis process, photocata-
lytic effects work in the combination of air humidity, UV radiation, oxygen, and nanoscale 
catalyst TiO2 being a basis for industrial self-cleaning paints and other industrial applications 
[28]. Having some commercial examples available, photocatalytic TiO2 nanoparticles are able 
to clean air of automobile-produced nitrogen oxides (NOX), providing them with extra func-
tionality [29] (see Section 4.3).

Figure 5. Biomimetic technologies for building facade design, by TBT, 2017.

Figure 6. Biomimetic solutions for construction materials used in facades, by TBT, 2017.
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Anti-reflectivity is an important functionality for surfaces that may be useful for energy-effi-
cient façade applications. The eyes of the elephant hawk moth are coated with a regular pat-
tern of conical nanoprotuberances, which significantly minimize light reflection. This ability 
improves night vision and is critical for moths to escape predators. Nanostructured moth-eye 
arrays are optically excellent for reducing reflections and used for applications such as glaz-
ing the skyscrapers and silicon solar cells [30, 31].

Inspired from the organisms living in arid climates, phase-changing materials store energy dur-
ing melting and freezing. By using the thermal insulation materials for façade applications, inte-
rior spaces stay cool (or warm) for a longer period of time improving energy efficiency [32, 33].

Cultivation of living matter on façades is not a novel idea, and the green walls are a part of 
everyday architecture; however, when it comes to adding microalgae photobioreactor to the 
façade of a building, the benefits differentiate, and the process becomes more complex. Algae 
capture the energy by photosynthesis inside the open or closed systems that contain water, 
nutrients, and CO2. Those systems can be integrated on the façade of a building through con-
venient designs that provide necessary sunlight for algae growth. Integrated photo-bioreactor 
solutions enable energy efficiency for both buildings and cities [34, 35].

The biological formation of minerals, i.e., biomineralization process, in particular the biocalci-
fication, is used to form bio-binders, hardening sand to gain new forms, healing cracks in rein-
forced concrete buildings, soil stabilization and environmental processes, etc. It is possible to 
produce microbial (or bacterial) binders by microbial-induced calcium carbonate precipita-
tion, thus producing novel materials for construction and enhancing their durability [36]. A 
commercial example of this is a technique patented by Dosier and labeled as BioMason™. The 
Biodesign Team Turkey (TBT) aimed to develop architectural design product that is in har-
mony with the nature and suitable to human health with partnership of bioengineering and 
architecture disciplines via directing bacterial calcification to form an architectural structure 
with the support of 3D printing technology of biodegradable poly-lactic acid (PLA). For this 

Figure 7. Solidification trials on petri dishes ((a) without inoculum; (b) with inoculum), by TBT, 2017.
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purpose, Sporosarcina pasteurii (Bacillus pasteurii) was chosen to use the urea mechanism to 
precipitate CaCO3, thus hardening sand by utilizing urea (Figure 7).

After the successful solidification process in petri dishes, a unique life element was designed, and 
the mold was taken out from the 3D printer (Figure 8 (left)). The mold was covered with sand, 
and then inoculum was added and evenly distributed throughout. The DSM 33 growth medium 
containing 100 mM CaCl2 was evenly distributed on the sand too and incubated for 1 week in 
a 30°C incubator. The lab-type prototype (Figure 8 (right)) shows that real scale designs can be 
produced harmless, and environment-friendly life elements at large scales can be produced.

In addition, embedding the microbial agents in cement matrix by several methods, which may 
improve the microstructure of the material, furthermore, they may impart self-healing ability to 
such systems by bacterial biocalcium carbonate formation as a natural mechanism. Self-healing 

Figure 8. Prototype seating element: (left) 3D-printed design and (right) solidified urban unit, by TBT, 2017.

Figure 9. Funginsulation architecture concept; (upper left) decomposition cycle in nature, (upper right) Lifecycle, and 
(down) funginsulation cycle, by TBT and Diploid, 2017.
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is a mechanism of living organisms. Various methodologies such as usage of hollow fibers and 
pipettes resembling the veins in living organisms, incorporation of encapsulated agents, and 
implementation of expansive agents, mineral admixtures, and bacteria have been employed to 
tackle the vulnerability of cementitious materials to cracks [37] by a self-healing mechanism.

The ability to grow fungi by producing mycelium is the functionalized part of FungInsulation™ 
concept. A mycelium is a vegetative part of fungus, and it consists of branching mass named 
hyphae. Fungal mycelium can spread over soil and many other substrates by using the nutri-
ents inside [38].

Rural Funginsulation Architecture concept by TBT and Diploid is a value-added solution to recy-
cle agricultural waste to design and energy efficiently retrofit rural houses. A bio-inspired process 
is used to produce construction materials with superior thermal insulation property, and the solu-
tions are tailor-designed for several rural areas having different agricultural waste types (Figure 9).

The abovementioned materials and techniques developed by biomimetic concept are exam-
ples of sustainable and functional solutions. Many others are under development, and they 
will provide more energy-efficient, durable, and functional solutions in the future. Thus, 
building skins with adaptive capabilities approaching to that of natural skins are on the way.

4. Contemporary biomimetic façade applications

According to Benyus’ classification [4], biomimicry can mimic natural forms and natural pro-
cesses. Designers can imitate the features of creatures or their behaviors. However, there are 
also cases of another level of biological inspiration, a bio-collaborative design that makes use 
of living organisms in the façade design. Below are some examples that make use of the afore-
mentioned design principles and materials to generate various designs.

4.1. Experimental smartness

Media-TIC (1997–2007) is an office building designed by Enric Ruiz-Geli (from Cloud 9 archi-
tects) for Consorci de la Zona Franca and located in 22@ of Barcelona Poble Nou district, at the 
intersection of Carrer Roc Boronat and Carrer Sancho de Ávila. The 22@ is a science and tech-
nological district, which was converted from the old industrial area of the city, and is continu-
ing to transform with many experimental high-tech buildings since 2000. In this environment, 
Media-tic building is named as “a kind of house of the Digital Community” and could be seen 
as a technological showcase that serves the purpose of being “green smart city” of Barcelona.

The building was designed exclusively using CAD/CAM technology. The design approach 
of Cloud 9 sanctifies the technology, and they regard Media-TIC as true representative of the 
digital age: “The theme of the Media-TIC building is how architecture creates a new balance 
with the digital use of energy… now we are undergoing the DIGITAL revolution. Between 
1900-1950 the cathedrals of architecture were built: these were the factories. Factories whose 
technological and structural advances created work spaces. In the information era, architecture 
has to be a technological platform, in which bits, connectivity, new materials and nanotechnol-
ogy are important.” They describe this design as “performative architecture” where the struc-
ture itself performs other functions [39].
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This building has a hybrid program and proposes an information and communications tech-
nology center. The ground floor contains an open space and a communications hub open to 
the public, reception offices, and a restaurant. The building program also has an auditorium 
for 300 people on the first floor and offices, with open and flexible floor plans.

It can be said that Media-TIC building imitates nature’s adaptability through its smart façades. 
The most apparent characteristic of this 38-m-high building is its adaptive architectural enve-
lope inspired by breathing. This envelope includes “performative” elements on two of the four 
façades, which are made of the ethylene tetrafluoroethylene (ETFE) cladding within a net-like 
steel structure. ETFE was selected for its lightness, elasticity, geometrical flexibility, and thin-
ness. The ETFE cladding surface also gives reference to the geometrical forms of atoms or 
elements with its concave and convex triangles. The Southeast and the Southwest façades are 
adaptive ETFE surfaces; their skin changes depending on the external conditions (Figure 10).

ETFE façades both filter out ultraviolet light and react to the changing weather conditions. On the 
southeast elevation, which would absorb 6 h of sunlight a day, 104 inflatable cushions are controlled 
by an independent computerized sensor. Each cushion contains three air chambers—a transpar-
ent outer layer, a middle layer, and third layer with a reverse pattern design. The air chambers 
between different layers not only slightly improve thermal insulation but also enable the control of 
solar radiation through a pneumatic system and a pressure sensor located in each cushion. The air 
inside each cushion is managed individually through a lighting sensor. It can also be manipulated 
and scheduled with an IP address [41]. When the sun’s rays reach certain strength, air is pumped 
into the inner chamber and creates an opaque façade that protects the structure from the sun. When 
the middle and inner layers come together, they create, and the inflatable section only has one air 
chamber. This movement gives reference to orientation. The southwest façade consists of two ETFE 
sheets filled with nitrogen and oil coalescence to provide the necessary shading. This shading var-
ies depending on the density of the air in order to obtain the desired solar transmittance [41].

The remaining façades would receive only 3 h of sunlight a day and use internal screen-
type blinds for solar protection. In all, the project uses 2500 m2 of ETFE cladding, achiev-
ing energy savings of 20%. It does not need cleaning because of the nonstick quality of 
the surface. It is proven to be compliant with international fire safety standards, and it 
does not contribute to the spread of flames or the production of smoke [41]. The building 
has additional sustainability goals such as a photovoltaic roof, which produces half of the 

Figure 10. Media-TIC building: (left) exterior view and (right) inflatable cushions [40].
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building’s energy, and rainwater storage for use in the WCs. Accordingly, the building cut 
its emissions by 60% and gained a LEED gold certificate.

The building won World Building of the Year 2011 award in accordance with its values of 
1–20% CO2 reduction due to the use of district cooling, 2–10% CO2 reduction due to its photo-
voltaic roof, 3–55% CO2 reduction due to the dynamic ETFE sun filters, and 4–10% CO2 reduc-
tion due to energy efficiency related to smart sensors. The building has another biomimetic 
approach indoors. Inspired by jellyfish, the interior paint absorbs energy from the sun all day 
and releases a green glow throughout the night. “It is a building that lights itself, but it does 
not light up the whole neighborhood” says Ruiz-Geli [39].

4.2. Kinetic façade

One Ocean Pavilion (2010–2012) was designed by SOMA Architects for an open international 
architecture competition regarding Expo Yeosu 2012 in South Korea. The concept of the 
building is based on the Expo’s theme, “The Living Ocean and Coast,” and emphasizes the 
experience of the ocean: “as an endless surface and in an immersed perspective as depth.” 
The building has two sides; one of them meets the coastline and creates a soft meander-
ing edge. The opposite side embraces the ocean with vertical cones and its roof landscapes 
(Figure 11).

The building owes its main concept and popularity to its kinetic façade with fish-like char-
acteristics: “(our architectural intention is) to produce a choreography and imagery out of 
the building’s own layers, without displaying any further media content …By involving real 
movement the kinetic façade aims to unify those usually isolated layers of architecture and 
media and define it as an interrelated and inseparable three-dimensional experience” [43].

A biomimetic approach was implemented for the kinetic façade on the main entrance façade 
of the building; it was developed with Knippers Helbig Engineers. The working mechanism of  
the façade was inspired by opening movement of the petal found in the “perch” of the bird 
of paradise flower (Strelitzia reginae) (Figure 12) [45], which is based on a torsional bending 
mechanism. Biomechanical investigations have established that the perch of the bird of para-
dise flower, which protects the stamen and ovary, can be released more than 3000 times with 

Figure 11. One Ocean Pavilion bird’s eye view [42].
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no evidence of fatigue [15]. When the flower is pollinated by birds, the perch is bent downward 
and opened by torsional buckling [44].

The kinetic façade of One Ocean building has 108 fiberglass lamellas made of glass fiber-rein-
forced polymers (GFRP) that open and close via a servomotor and covers a length around 140 m 
with a height changing from 3 m to 13 m. Slightly curved lamellas are only 9 mm thick yet can 
reach 14 m of length. A local compression force at the top and the bottom leads to a controlled 
buckling and reversible elastic deformation inside the fins [15]. Each individual modular lamella 
is moved by actuators located on the upper and lower edges of the façade and is operated by 
solar panels located on the roof. The GFRP wings undergo lateral-torsional buckling, in order 
to deploy into a doubly curved shape. The high strength of the glass fibers is combined with a 
highly flexible epoxy resin in order to achieve a low bending stiffness and, at the same time, struc-
tural resistance to wind loads. Soma mentioned that the lamellas “… induce compression forces 
to create the complex elastic deformation. They reduce the distance between the two bearings 
and in this way induce a bending which results in a side rotation of the lamella” [46] (Figure 13).

Movement of the lamellas control light conditions in the foyer and the best practice area; in 
addition it creates animated patterns on the façade like ocean waves. These movements can 
also be likened to the gills of a fish [48].

Figure 12. Bird of paradise flower, by TBT, 2018.

Figure 13. The kinetic façade and closed lamellas [47].
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4.3. Smog-eating façades

Photocatalytic TiO2 in the cement developed by Italcementi is known as smog-eating material for 
the last few years. Although it has been in use since 1995, the first patent had only a self-cleaning 
effect and was applied in many outstanding works, such as Misericordia Church in Rome or Cite 
de la Musique et des Beaux Arts, some tunnels or pavements, etc. “TX Active” technology, which 
was generated in 2006, added air cleaning property to the material [49]. The material captures air 
pollution when the façade comes into contact with light, then transforms the pollution to inert 
salts, and thus reduces smog levels in the environment. This new formulation was utilized in the 
two contemporary buildings, and their investigations are given as follows.

One of them is a façade design for Manuel Gea Gonzalez Hospital building in Mexico City, which 
is one of the most polluted megacities in the world. The original hospital building was constructed 
in 1942, and in 2013 a new building (named Torre de Especialidades) was added with a smog-
eating façade [50]. The 2500 m2 façade is designed by Berlin-based architecture firm Elegant 
Embellishments. TiO2 can act as a catalyst for chemical reactions when it is activated by sunlight. 
When UV rays hit the tiles, a reaction occurs, converting mono-nitrogen oxides (the substances 
that make smog smoky) into less harmful substances such as calcium nitrate and water, along with 
some CO2. The TiO2 in the tiles does not wear; it can keep on doing photocatalysis indefinitely.

The tiles’ irregular and biomimetic pattern is a quasicrystalline or Penrose grid based on 
sponges and corals and was designed by Prosolve through Rhino (Figure 14). Prosolve’s mod-
ules are manufactured from an ABS-polycarbonate plastic sheet; it is vacuum-formed over 
aluminum tools, then cut, and coated by a robotic sprayer with layers of TiO2 and primers 
that adhere to the plastic substrate. The reliefs increase the absorption surface and reduce the 

Figure 14. Façade of Torre de Especialidades [51].

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry92

speed of the wind, generating turbulences that better distribute the polluting particles over 
the surface of the cells. Since each piece of the puzzle has multiple reliefs, polluting particles 
can be captured from various directions [50]. The architects hope that the building can coun-
teract the impact of air pollution and provide slightly fresher air into the hospital’s immediate 
area. According to the developers, the façade will negate the effects of up to 1000 cars a day.

Expo 2015 Italian Pavilion was designed by an Italian architectural firm, Nemesi and Partners 
(Figure 15). The 13,000 m2 building has six floors and presents Italy’s past, present, and future 
through images, dynamic digital projections on mirrored walls, ceilings, and floors and accompa-
nied by vibrant rhythms. The 9000 m2 façade contains 900 biodynamic concrete panels. Around 
80% of this air-purifying cement is made from recycled materials, such as scraps from Carrara 
marble. Italcementi tests have demonstrated that the photocatalytic cement can reduce NOX lev-
els from 20 to 80%, depending on atmospheric conditions. According to researches, the reduction 
of NOX concentration calculated is around 45% in the area covered by the TX Active® blocks [49].

Nemesi and Partners wanted the building to act like a kind of urban jungle, not only estheti-
cally but by also mimicking the role of trees in city landscapes—which naturally help purify 
the air. Inspired by nature, the final design resembles large stretched out tree branches which 
wrap themselves around the iconic building: “The overall concept of the architectural design 
of the Italian Pavilion is that of an urban forest in which the building, through its skin and its 
volumetric arrangement, takes on the features of an architectural landscape… The branching 
pattern of the external cladding of Palazzo Italia coherently interprets the theme of the tree of 
life, inserting it in the form of a petrified forest” [52].

4.4. Cultivating algae

Algae are cellular organisms that have been the precursors to plants, and they can make photo-
synthesis more efficiently than many plant species. In this context, they can remove CO2 from 
their environments and produce O2. Algae live in a hydrophilic environment and can be grown 
in photo-bioreactors on earth. The first application of photo-bioreactors in a building façade 

Figure 15. Facade of the Italian Pavilion in Expo 2015, by TBT, 2015.
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is on BIQ apartment building (2013), designed by Splitterwerk and Graz and by engineering 
firm Arup in Hamburg, Germany. BIQ is a cubic, five-story building and is an abbreviation 
for “building with a Bio-Intelligent Quotient.” It was constructed as a part of the International 
Building Exhibition of 2013 (Figure 16). The algae façade serves as a buffer between the indoors 
and the outdoors and supplies both thermal heating and biomass for the building.

The 200 m2 façade contains 129 photo-bioreactor panels with 2.5 × 0.7 m dimensions. They 
were assembled on a secondary structure in front of the house façade. Flat plate photo-biore-
actor panels were used on the façade because of their high transformative efficiency to receive 
UV light. The algae are continuously supplied with liquid nutrients and CO2 via a water cir-
cuit running through the façade. The light rays are absorbed by the façade and generate heat 
the same way a solar thermal unit does, which is then either used directly for hot water and 
heating or stored in the ground using boreholes [55].

When algae are ready to be harvested, they are transferred as a thick pulp to the techni-
cal room inside the building and fermented in a biogas plant. The performance of the algae 
façade elements was measured for 1 year. For this year, the biomass production at the façade 
was on average 15 g/day and was stored alongside the biogas production machine. It also 
produced 30 kWh/m2 biomass and 150 kWh/m2 heat energy. Thus the annual CO2 emission of 
the building was reduced by 6 tons [55].

In addition, this façade has an important interactive surface for city and should be consid-
ered with its aesthetical quality like Jan Wurm (Arup) said: “As well as generating renewable 
energy and providing shade to keep the inside of the building cooler on sunny days, it also 
creates a visually interesting look that architects and building owners will like” [56].

Köktürk et al. have proposed a diamond-shaped flat plate photobioreactor façade system [57]. 
They have also designed a monitor and management system for their façade. The tempera-
ture is kept at 37–38°C, and the heat released from the system is used for hot water or for air 
conditioning with a heat exchanger. Accordingly, these buildings were not only inspired from 
nature but also embodied it as a component.

Figure 16. BIQ Apartment House: (left) exterior [53] and (right) closer view of panels [54].
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5. Conclusion

Despite all the advances in technology and environment-centered debates, the environmen-
tal footprint of the human race and buildings continues to increase. This is mainly because 
of increasing population and increase in comfort requirements. Nature creates sustainable 
environments and surrounds us with answers to most of the questions about sustainability 
since it has worked for millennia to perfect solutions. This thinking has permeated among 
some designers. They take inspiration and learn from nature on the road to become more 
sustainable and having less environmental impact. The most common approach is formal 
and functional biomimicry; in façades, some building elements and materials are even called 
biomimetic. The concept of biomimicry is in harmony with the concept of sustainability; how-
ever, there are many degrees of sustainability, and each and every biomimetic application is 
not always sustainable. The sustainability principles should be at the core of the design prob-
lem definition and its unique design constraints to reach a sustainable future.

This chapter has provided examples to biomimetic design approaches in the context of three 
main aspects in designing a sustainable façade; energy requirements, form, and structure; and 
sustainability considerations. Another way to make use of and learn from nature in design is 
biodesign, a way of bio-cooperation with natural elements. Biodesign is a relatively new term, 
yet the approach has been around for centuries as traditional elements such as green walls. 
While there are various conceptual studies, biodesign has very few built examples apart from 
its traditional interpretation. One of the limiting factors in utilizing biodesign is its big scope 
that requires a multidisciplinary approach with input from diverse disciplines that are not usu-
ally involved in the construction sector, such as biologists and bioengineers. Biodesign works 
go beyond biomimicry and bring an innovative way to look at and work with nature; therefore, 
their applications will probably become more widespread in façade designs of the future.
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is on BIQ apartment building (2013), designed by Splitterwerk and Graz and by engineering 
firm Arup in Hamburg, Germany. BIQ is a cubic, five-story building and is an abbreviation 
for “building with a Bio-Intelligent Quotient.” It was constructed as a part of the International 
Building Exhibition of 2013 (Figure 16). The algae façade serves as a buffer between the indoors 
and the outdoors and supplies both thermal heating and biomass for the building.

The 200 m2 façade contains 129 photo-bioreactor panels with 2.5 × 0.7 m dimensions. They 
were assembled on a secondary structure in front of the house façade. Flat plate photo-biore-
actor panels were used on the façade because of their high transformative efficiency to receive 
UV light. The algae are continuously supplied with liquid nutrients and CO2 via a water cir-
cuit running through the façade. The light rays are absorbed by the façade and generate heat 
the same way a solar thermal unit does, which is then either used directly for hot water and 
heating or stored in the ground using boreholes [55].

When algae are ready to be harvested, they are transferred as a thick pulp to the techni-
cal room inside the building and fermented in a biogas plant. The performance of the algae 
façade elements was measured for 1 year. For this year, the biomass production at the façade 
was on average 15 g/day and was stored alongside the biogas production machine. It also 
produced 30 kWh/m2 biomass and 150 kWh/m2 heat energy. Thus the annual CO2 emission of 
the building was reduced by 6 tons [55].

In addition, this façade has an important interactive surface for city and should be consid-
ered with its aesthetical quality like Jan Wurm (Arup) said: “As well as generating renewable 
energy and providing shade to keep the inside of the building cooler on sunny days, it also 
creates a visually interesting look that architects and building owners will like” [56].

Köktürk et al. have proposed a diamond-shaped flat plate photobioreactor façade system [57]. 
They have also designed a monitor and management system for their façade. The tempera-
ture is kept at 37–38°C, and the heat released from the system is used for hot water or for air 
conditioning with a heat exchanger. Accordingly, these buildings were not only inspired from 
nature but also embodied it as a component.

Figure 16. BIQ Apartment House: (left) exterior [53] and (right) closer view of panels [54].

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry94

5. Conclusion

Despite all the advances in technology and environment-centered debates, the environmen-
tal footprint of the human race and buildings continues to increase. This is mainly because 
of increasing population and increase in comfort requirements. Nature creates sustainable 
environments and surrounds us with answers to most of the questions about sustainability 
since it has worked for millennia to perfect solutions. This thinking has permeated among 
some designers. They take inspiration and learn from nature on the road to become more 
sustainable and having less environmental impact. The most common approach is formal 
and functional biomimicry; in façades, some building elements and materials are even called 
biomimetic. The concept of biomimicry is in harmony with the concept of sustainability; how-
ever, there are many degrees of sustainability, and each and every biomimetic application is 
not always sustainable. The sustainability principles should be at the core of the design prob-
lem definition and its unique design constraints to reach a sustainable future.

This chapter has provided examples to biomimetic design approaches in the context of three 
main aspects in designing a sustainable façade; energy requirements, form, and structure; and 
sustainability considerations. Another way to make use of and learn from nature in design is 
biodesign, a way of bio-cooperation with natural elements. Biodesign is a relatively new term, 
yet the approach has been around for centuries as traditional elements such as green walls. 
While there are various conceptual studies, biodesign has very few built examples apart from 
its traditional interpretation. One of the limiting factors in utilizing biodesign is its big scope 
that requires a multidisciplinary approach with input from diverse disciplines that are not usu-
ally involved in the construction sector, such as biologists and bioengineers. Biodesign works 
go beyond biomimicry and bring an innovative way to look at and work with nature; therefore, 
their applications will probably become more widespread in façade designs of the future.
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Chapter 6

Bio-Inspired Adaptable Façade Control Reflecting
User’s Behavior

Hyunsoo Lee and Nayeon Kim
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Abstract

The purpose of this research is to develop the process of methodology in designing 
adaptable façade. This study focuses on the processes of façade operation control for each 
resident’s unit according to the user’s lifestyle. This study aims to develop the design 
methods that are applicable to the adaptable facade, which is inspired by the design 
inspiration of the biomimicry. The ideal façade to increase comfort in internal space is 
an adaptable façade that can constantly respond to changes in the environments. This 
chapter attempts in active adoption of adaptable facade that makes it possible to respond 
to changing requirements and environments, eventually enabling the creation of custom-
ized services for users. This chapter explores the processes of designing an adaptable 
façade controlled by three rules inspired by the behaviors of flocks of birds. This chap-
ter shows how adopted bird intelligence can produce various façade controls. Also, this 
chapter demonstrates biomimetic façade control that has been implemented by behavior-
based design. Through this demonstration, this chapter identifies the potentials of biomi-
metic design in facade using rules of bird flocking as source of design inspiration. This 
study concludes that a behavior-based approach provides flexibly responding façade to 
environments increasing users’ quality of life.

Keywords: biomimicry, adaptable facade, responsive architecture, behavior-oriented 
design, kinetic façade, façade control, bird flocking

1. Introduction

What is a façade? A façade is generally one exterior side of a building, usually the front, and the 
word comes from the French façade, which means “face.” In architecture, the façade remains, 
from a design perspective, the most important aspect of a building. It is an essential architec-
tural element, because a building’s façade determines the initial impression that a building 
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makes. In addition to the role it plays with regard to esthetic design, the building façade also 
serves to divide external and internal space and plays an important role in interacting with 
the outside environment. However, the environment is constantly changing. In arts, Monet 
painted a series of expressions of the ever-changing world. Monet painted images that change 
over time. This is the reason why Monet painted his Rouen Cathedral series more than 30 times, 
always at different times of the day and year. The series reflects many views of the same subject 
under different lighting conditions. Through this artwork, Monet would have wanted to prove 
that constant change is the truth of the world. In this regard, a good building must be capable of 
changing itself by accepting and responding constant variations in the environment [1, 13, 14].

In the ever-changing environment, the architectural façade should have functional perfor-
mances to protect human beings inside. The external environment changes continuously. One 
of the architectural elements to meet the functions is a facade. When designing the façade, archi-
tects need to consider external factors such as natural sunlight, temperature, humidity, precipi-
tation, wind, and earthquake. The façade protects people by creating a boundary between the 
inside and the outside. It is also important because it provides thermal comfort. For example, 
the façade of Notre dame du Haut, a Catholic chapel in Ronchamp, France, built in 1954, pres-
ents a picturesque image and also helps to fulfill peoples’ psychological needs by allowing a 
generous amount of natural light to reach those inside the thermal insulation of the external 
wall, saving energy as well providing a comfortable environment. However, this building has 
limitations: the curtain walls of the building are fixed, and it cannot respond flexibly to the 
fluctuating environment. We believe that the ultimate façade should be able to respond adapt-
ably to the ever-changing environment. Although the ideal is that a building should respond 
to changes in the environment like a living creature, most buildings are not satisfactory in 
this regard. For example, one of the most representative modern buildings is Lake Shore Drive 
Apartments in Chicago, designed by Mies Van Der Rohe. This skyscraper exhibits both the 
spirit of the twentieth century machine esthetic and minimalism; the building has no decora-
tive elements and is simply made of glass with metal structures. However, a weakness of this 
building’s façade is that it seems very static, and there is no user control of the façade. That is, 
it is impossible for residents to control the function of the façade at the level of the individual 
apartment unit. The building offers spectacular views to residents through transparent glass, 
but the level of thermal comfort is not optimal. In other words, fixed windows that cannot open 
and close have reduced the building’s ability to respond to the environment.

An ideal facade must be able to respond to changes in the environment [18]. An adaptable façade 
does this, and since it can extend the life of a building, it contributes to the development of sus-
tainable architecture [21]. An adaptable façade is able to interact with natural adaptive systems 
in order to respond continuously to the environment [9]. Typically, these buildings efficiently 
utilize windows in order to optimize façade illumination and building performance by inter-
acting with the environment [8]. The drawback of previously built façades is that they do not 
provide people with the ability to control the environment [10]. Most buildings focus primarily 
on performance-oriented design rather than user-oriented design. Previous studies have empha-
sized technical, performance-based facade design, and it is difficult to find adaptable façades that 
respond to users’ lifestyles and behaviors. Many architects have difficulty in designing façades 
that are responsive to users’ various lifestyle requirements and in incorporating these into façade 
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design [5]. The building façade should have features to optimize environmental performance as 
well as to consider the esthetic of building. The façade, in particular, should take into consider-
ation the user’s individual lifestyle and preference [19]. In order to overcome the limitations of 
existing buildings, this study explores user-oriented façade design.

The main purpose of this research is to develop a methodology for designing adaptable 
façades. This study focuses on the processes of façade operation control for each resident’s 
unit, allowing the user to adjust the façade to match the user’s lifestyle. This study aims to 
develop a design method inspired by the concept of biomimicry that is applicable to the 
development of adaptable facades. The study’s first objective is to propose applicable meth-
ods of façade design based on an interpretation of the rules of bird flocking. The second objec-
tive is to develop a design process that can be applied to a façade’s louver controls. The last 
objective is to develop an application example and identify the potential of the design process 
developed by this study.

2. Theoretical background

2.1. Adjustable façades and adaptable façades

The concept of adaptation in architecture aims to increase the usability of building functions in 
response to the external environment or the user’s behavior [22]. In other words, adaptable archi-
tecture results in sustainable buildings with extended lifespans by allowing buildings to make 
flexible changes to adapt to changing exterior environments [21]. The positive consequences of 
using methods to design adaptable façades include extending the lifespan of the building as well 
as improving the quality of human life. Designing adaptable façades not only prolongs the lives 
of buildings that use them but also improves the quality of human life. In this chapter, the types 
of adaptable façade design are divided into two types: adjustable façades and adaptable façades. 
To provide people with the ability to control the environment, we must plan for an adjustable 
façade. In an adjustable façade, the user can open and close the window or rotate the louvers 
to respond to the environment. It is a façade type that has been in existence for a long time and 
users manually control it. Adjustable façades allow for the manipulation of architectural ele-
ments by, for example, opening or closing windows and changing the angle of a louver.

An adaptable façade is a façade that can automatically adjust the environment using technol-
ogy, whereas an adjustable façade provides the user with manual control over the environ-
ment. An adaptable façade differs from a traditional façade; in that it incorporates adjustable 
devices whose capacity for interactive control enables the building envelope to act as a climate 
moderator. By using the façade in this way, we can provide a building with the ability to accept 
or reject free energy from the external environment and, as a result, to reduce the amount of 
artificial energy required to achieve comfortable internal conditions. One notable example of 
an adaptable façade is Al Bahr Tower, located in Abu Dhabi. Al Bahr Tower designed by AHR 
studio has the world’s largest dynamic façade, and this adaptive shading system of façade 
is designed to detect changes in the climate and save energy. The other building examples 
include One Ocean EXPO pavilion in Yeosou, Korea, Syddansk Universitet communications and 
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design building in Kolding, Denmark, and Media-TIC building in Barcelona, Spain [12]. The 
façade of One Ocean EXPO pavilion 2012 by SOMA architect consists of 108 kinetic fins as 
the opening elements. These fins called lamellas are reinforced at the top and bottom edges 
of the façade and provide a high tensile strength as well as a low bending firmness. The 
advantage of this facade enables large reversible elastic deformations [24]. In case of Syddansk 
Universitet building designed by Henning Larsen architect, it has a sustainable feature in a 
climate-responsive kinetic facade that adjusts to the changing daylight and controls interior 
temperatures for occupants. The Media-TIC building designed by architects Cloud 9 is also 
a good example of an adaptable façade. Using technology of sensor monitoring including 
occupancy, light, temperature, and humanity as well as renewable energy generation, it con-
sequently creates a near net zero energy in building [23].

Adaptable architecture offers an optimal environment for users inside. The façade is able to 
interact with natural adaptive systems to respond constantly to changes in the environment [9]. 
Typically, these buildings utilize windows efficiently to optimize façade illumination and to 
optimize building performance by interacting with the environment [8]. However, the problem 
with this façade is that it does not provide sufficient user control. Although adaptable build-
ing envelopes have positive aspects in achieving internal comfort for occupants and building 
energy efficiency, it still needs much more exploration in social and cultural aspects [12].

2.2. Façade design method using biomimicry

Principles of nature such as sustainability, bio-architecture, biophilia, biomimicry, and biomi-
metic architecture can help to address the environmental crisis of contemporary architecture 
and to provide more comfortable user spaces. Biomimetic architecture, which is the focus of 
this chapter, is a modern architectural philosophy that seeks to find solutions to architectural 
design challenges presented by every day changes in the environment around a given build-
ing [11, 15]. Biomimicry is not only a rapidly growing design principle in engineering, but it 
is also emerging as an important architectural principle. Problem solving by biomimicry is 
an approach that makes use of principles, mechanisms, and strategies found in nature [3, 4]. 
Janine Benyus, a pioneer in biomedical research in the United States, introduced the concept of 
biomimicry in 1997. Biomimicry is a concept that is inspired by nature, exploring sustainable 
solutions and applying them to design. The word is a combination of two Greek roots: bios, 
which means life, and mimesis, which means mimicry or imitation [23]. A typical example of 
an environmentally functional facade system utilizing a biomimicry design motif is the Arab 
World Institute designed by Jean Nouvel. The facade of the building measures and compares 
the luminance of the outside environment with the luminance inside the building and then 
adjusts the luminance using a window opening and closing device, providing an optimal illu-
mination environment inside the building [17].

However, although this performance-based approach provides beneficial features for controlling 
facades, it is not feasible to satisfy all residents’ individual needs or requirements of viable envi-
ronmental performance. This is because it provides a standardized performance without consid-
ering individual preferences. Another limitation with the performance-based approach is that 
it did not take into account the psychological needs of residents. People do not always have the 
same demands and the degree of demand varies according to the change of mood and situation. 
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This performance-based approach seeks for optimization to meet the building efficiency, but the 
optimized outcome might not be ideal for residents. In order to solve these drawbacks, this chap-
ter proposes a behavior-based approach rather than performance-based approach. It is assumed 
that the control of the facade according to occupant behaviors such as lifestyles, is more advanta-
geous in terms of psychological and environmentally sustainable aspect for occupants. As a strat-
egy to get inspiration for this behavior-based approach, the theory of the biomimicry is adopted. 
The biomimicry approach can improve the quality of the facade design by developing the facade 
control method based on the self-organization and collective behavior of the community [16]. In 
this study, as biomimicry approach, swarm intelligence theory is utilized. Terminology “swarm” 
has been wisely used to many areas including biology, engineering, computation and others. 
Swarm intelligence is firstly introduced by Beni and Wang, and it means the collective behaviors 
of self-organized system [2]. The collective behaviors include examples of army ants, bird flock-
ing, animal herding, fish schooling, and collective swarms of bacteria and locusts [7]. Mainly, this 
study is focused on bird flocking behaviors.

3. Behavior-oriented adaptable façade

Based on the above background information, this research aims to develop a behavior-based 
adaptable façade. First, a set of rules inspired by the flying behaviors of flocking birds are 
established to apply to adaptable façade control. A set of rules of façade control were devel-
oped accordingly. By examining the application of the rules of façade control, this research 
is to verify and demonstrate the potential use of the behavior-oriented façade control sys-
tem. There are three research components that we have chosen in order to resolve the façade 
design problem. To produce an adaptable façade, a bio-inspired design approach is adopted, 
using bird flocking intelligence [2], as our source of inspiration. The purpose of this research 
is to develop a façade control method that takes into account user behaviors.

In this study, three rules governing the flying behavior of birds inspire the control of the 
façade’s louver. The first rule is that birds fly close to and in the same direction as neighbor-
ing birds. As shown in Figure 1, each bird follows the behavior of neighboring birds. It is an 
important goal of this study to attempt to adapt such traits to the behavior of residents in the 

Figure 1. Rule 1: Adjacent birds react to each other in the same direction.
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building. For example, if a person closes a window when it is raining heavily to prevent rain 
from entering the room, other people will tend to follow this person and close their windows 
as well. If a person is away and is not able to close the window by himself, it would be useful 
to set up a system that closes windows automatically when it is raining.

The second rule is that birds maintain a constant distance from neighboring birds when fly-
ing. Birds maintain regular intervals with their neighbors to avoid the collision. Figure 2 is an 
example of the application of these laws. If a bird rotates by an angle of 30°, the rest of the birds 
can be interpreted as increasing its angle by 30° from its present angle. This principle can be 
used to increase the angle of each louver in the façade by 30° relative to the current louver angle.

The first and second rules described above might be too simple. We can apply more complex 
rules, but the complexity or simplicity of the rules applied is not important. The emphasis in 
this study is on architecturally interpreting the laws of bird behavior and thereby showing 
that the principles of these behaviors can be applied to architectural facades. However, an 
example of more complicated application method could explain the potential for the behav-
ioral principle of birds. The third rule was developed with this perspective.

The last rule is to fly toward the central gravity in the groups of the same neighbors. As 
shown in Figure 3, birds tend to fly as groups. From this, it is possible to set the assumption 
that the same group behaves in the same way. Thus, if a group of members cause a change in 
behavior, birds in the other groups do not respond to the behavior, but it can be assumed that 
birds in the same group follow the same behavior. It can be considered that these subgroups 
exhibit the same behavior in some way similar to the first rule. However, the difference from 
the first rule is that it applies only to the group, not to the whole. These groups can be defined 
by the bird’s flight, but they can be grouped into small groups according to lifestyle, age, and 
gender in a way that defines people. The characteristics of these residents are called residents’ 
profiles in this study.

The last rule is to fly toward the central gravity in the groups of the same neighbors. As shown 
in Figure 3, birds tend to fly in groups. From this, it is possible to make the assumption that 
the same group behaves in the same way. Thus, if members of a given group change their 
behavior, birds in other groups will not respond to that change. However, it can be assumed 

Figure 2. Rule 2: Birds’ behavior keeping certain degree of flying angle.
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that behavior will change within a given group in response to changed behavior by one of 
birds. Thus, these subgroups appear to exhibit the same behavior, as in the first rule. However, 
the third rule differs from the first rule, and in that it applies only to the subgroups and not to 
the flock as a whole. These groups can be defined not only according to the birds’ flight pat-
terns, but also can be grouped into subgroups according to lifestyle, age, and gender, similar 
to human subgroups. In this study, these characteristics that define resident subgroups are 
called residents’ profiles.

In this study, a case study was conducted to derive ideas about how to apply the three rules 
of bird flocking intelligence described above to façade control. As described above, we inter-
preted the birds’ flying behavior and applied what we learned to the façade’s louver control 
system. In other words, bird flocking behaviors were used as a source of inspiration for the 
creation of an adaptable façade corresponding to user’s behaviors and lifestyles.

4. Bird flocking behavior-based adaptable façade design

Generally, architects or designers do not create designs in the absence of any reasons or inspi-
rations. Many designs are inspired by something specific, and this is equally true for the design 
of architectural façades [25]. There are many things that inspire designers when designing a 
facade, but nature, in particular, is a frequent source of inspiration. In this respect, the biomim-
icry approach is very appropriate. In this chapter, we included two approaches to the design of 
an adaptable façade: a morphological design approach and a behavior-based design approach. 
Figure 4 shows the morphological approach to biomimetic design described above. A morpho-
logical biomimetic design approach follows the form of life. In this example, a bird’s profile 
and form are applied to an architectural façade. This method is straightforward and simple and 
therefore can be used easily by the designer. However, although this method has the advantage 
of providing a basis for façade design, it is not an effective example of using biomimicry.

Biomimicry design can be used to greater advantage by applying behavioral rules or rules 
inherent in living things rather than by applying such morphological methods. In this sense, 
the focus of this study is the behavior-based design approach. In this study, we propose a 

Figure 3. Rule 3: Birds’ behavior to steer together average “center of gravity” of birds’ group.
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methodology of façade design based on bird flying behavior. We also conducted research 
on the assumption that behavior-based design controls are more effective than performance-
based design controls. Most previous papers on façade design have adopted a performance-
based design approach. However, the performance-based facade control is based on general 
services rather than on one-to-one custom services. As a solution to this problem, this study 
proposes a behavior-based design control method.

4.1. Façade control system

As shown in Figure 5, this study argues that residents’ satisfaction can be improved by con-
trolling the physical environment individually based on the occupant’s behavior [25]. Our 
approach is to mimic the process of bird flocking and we developed control process of behav-
ior-based physical environment. The idea is to interpret the behavior of the birds and create 
an adaptable façade that responds to the behavior of residents. Life-log data on residents’ 
rules of behaviors in the building are the basis for making important decisions about control-
ling the physical environment. In developing such rules, we reinterpreted the behavior rules 
of birds and apply them to façade control. As shown in the figure, it is a process to control the 
façade louver based on using the user’s life-log to control the physical environment. In this 
behavior-based facade control, the residents’ life-log data play an important role.

As shown in Figure 5, this study argues that residents’ satisfaction can be improved by control-
ling the physical environment individually based on the occupant’s behavior. Our approach is 
to mimic the behaviors of flocking birds, and we developed a behavior-based process of control-
ling the physical environment. The idea is to interpret the behavior of the birds and to create an 
adaptable façade that responds to the behavior of residents. Life-log data on residents’ rules of 
behavior in the building are the basis for making important decisions about how to control the 
physical environment. In developing such rules, we reinterpreted the behavior rules of birds and 
applied them to the façade control system. In this behavior-based facade control method, the 
residents’ lifelog data play an important role to change the facade’s louver.

4.2. Principle of facade application of birds’ flocking pattern

In this study, we applied the three rules of bird flocking to the design of the façade pattern. 
Table 1 shows the bird behavior-based rules applied to the facade louver controls. As shown 
in the table, the principles of bird flocking behavior are applied to the façade louver controls.

Figure 4. Morphological design approach: façade design inspired by bird flocking.

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry108

5. Façade design process using bird flight rules

In this study, we will explain various methods of applying bird flight patterns to adaptable 
façades. We also developed a bird flight-inspired example of the process of finding design 
rules and applying them to façades. Through these applications, we have explained that prin-
ciples of animal behavior can be used as a source of inspiration for biomimetic facades. This 
biomimetic façade design provides a systematic design framework for façades that responds 

Figure 5. Control process of behavior-based physical environment.

Bird flocking behaviors Façade application

Rule 1 To align with same direction of bird’s neighbor To align with certain degree of louver

Rule 2 To keep certain degree of flying angles To change certain degrees to adjacent louvers

Rule 3 To steer together average “center of gravity”  
of birds’ group

To steer toward the “average of degree” of same 
group

Table 1. Bird flocking behavior and façade application.
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to the user’s lifestyle and preferences [9, 17]. Therefore, in this chapter, we prove that inte-
grating design with the biological processes has the advantage of giving the architect more 
abundant design inspirations.

5.1. Case study

In this study, a Lotte Buyeo Resort building in the Republic of Korea was selected as a case 
study in order to apply the principles of bird flight to façade control. As shown in Figure 6, 
this façade has dozens of façade louvers. Although the actual building cannot adjust louver 
angles, this study assumes that the angle of louvers can be individually adjusted.

5.2. Residents’ facade louver control data

In order to demonstrate how to control the facade louver, we have matched each bird and 
each facade louver corresponding to individual residents. The concept diagram is shown in 
Figure 7. This diagram is based on the lifelog data illustrated in Figure 5.

In order to create the behavior-based facade louver control proposed in this study [26], it is 
firstly necessary to collect the residents’ behavioral data to control the angle of the facade 
louver. In this study, an imaginary lifelog data was used which is revised data of 24-hour 
self-diary to survey 53 residents in Korea [20]. Data collection of lifelog is a crucial research 
issue in behavior-based facade control. However, the data collection in this chapter is not the 
scope of the research. For the convenience of demonstrating the concept of the behavior-based 
facade control, an imaginary lifelog data is used. In this regard, Figure 8, which is revised and 
obtained based on the previous research [6], shows an illustrative example of how the louver 
of the facade is controlled based on the lifelog data. As shown in the figure, when the sensor 
detects illumination of daylighting, residents can make final decisions related to control on 
the facade using generalized behavior pattern. Behavior patterns include angle data of façade 
louver control made by residents. As shown in Figure 8, lifelog data may be accumulated by 
sensor technology. In future studies, based on the IOT, data collection for lifelog data needs to 
be further discussed.

Figure 6. Buyeo Resort building, Republic of Korea.
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Figure 7. Conceptual diagram of residents’ façade louver control.

Figure 8. Diagram of sensor technology based façade operation system (modified from “Intelligent Envelopes for high-
performance buildings” by [6]).
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Figure 9 shows an example of collected data of the residents’ previous behaviors pertaining to 
the façade louver angle. The lifelog is a record of user behavior. I argue that we should embed 
this behavioral data into a behavior-based adaptable façade design. After collecting previous 
lifelog data on the louver control angles used by the residents, we analyzed the residents who 
have similar behaviors based on this data.

Figure 10 is an example of data showing similar behavior among residents. For example, a 
similarity of 1.0 indicates the most identical behavior, and a similarity of 0.0 means that there 
is no identical behavior. The similarity of behavior is used to set the group of louvers to be 
controlled. The lower the similarity of behavior, the greater the number of louvers to be con-
trolled. We created this similarity index in order to establish a basis for controlling the angles 
of louvers on a group-by-group basis.

The residents’ façade louver control system determines whether louver control is required by 
sending a message to residents who show similar behavior, as shown in Figure 11, and asking 
them to make a decision. The reason to ask for the final decision on whether or not to change 
louver angle is that this individual user-oriented control is as important as group basis control. 
Although the system is pursuing automatic control on a group-by-group-basis, the ultimate 
goal is that the individual user eventually is able to decide that angles of louver in case of 
needs to change louver’s angle.

Figure 9. Residents’ behavior data collection.
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5.3. Behavior-based façade application

The first rule of bird flocking is that flocking birds align with a certain angle of flying. We 
interpreted this rule to mean that birds have a tendency to keep flying at an angle of the same 

Figure 10. Similarity level in behaviors between residents.

Figure 11. Façade louver control process by user’s decision-making.
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degree. The first application example is shown in Figure 12. As shown in the figure, when 
the angle of one louver changes, the angle of another louver also changes to the same angle. 
This is an application of the principle described above that if one bird changes direction, the 
adjacent birds change direction, and the other birds change directions as they see the adjacent 
birds again. For facade applications, residents (A, E, J, L, and M) in a similar behavior pattern 
group also rotate 45° in the same direction if resident D changes the angle of the louver from 
5 to 45°. In other words, all louvers of the same group will be changed to 45°, following the 
resident D. There is room for further study on the merit of the application of this principle in 
architectural performance. One of the advantages of applying these rules is that it creates a 
ripple effect through an entire group using one smart control. Currently, this represents only 
the beginning of the possibilities for control; this method will become more effective if it is 
refined by more advanced research on how to use it.

The bird flocking’s rule 2 is that bird flocking keeps certain distance between birds to avoid 
collisions. Rule 2 interpreted in this chapter is that birds have a tendency to change flying with 
the angle of certain degree. The second rule is to control the facade louver by means of a bird’s 
flight principle, which uniformly increases a certain angle of all current louver angles. As 
shown in Figure 13, if resident B rotates the louver angle by 30°, resident group (C, D, F, G, K) 
with similar behavior patterns also adjusts the angle by adding 30° from his angle. Therefore, 
each louver angle of user C, D, E, F, G, and K in group can be changed into 60, 50, 40, 35, and 
45°. It is a principle that maintains a certain angle like keeping a certain distance of a bird.

The second rule of bird flocking described above is that flocking birds maintain a certain dis-
tance among themselves to avoid collisions. We interpret this to mean that birds have a ten-
dency to change flying with the angle of certain degree. We applied this rule to the control of 
façade louvers by uniformly increasing or decreasing louver angles in a group in response to 
changes in an individual louver angle. As shown in Figure 13, if resident B increases the louver 
angle by 30°, the resident group (C, D, F, G, and K) with similar behavior patterns also adjusts 
the angle by adding 30° from his angle. Therefore, the louver angles user C, D, E, F, G, and K 
could, for example, change to 60, 50, 40, 35, and 45°, respectively. The principle is to maintain 
a certain angle the way birds in a flock maintain a certain distance among themselves.

The third rule of bird flocking is that flocking birds steer toward the average “center of grav-
ity” of a given group of birds. We interpreted this rule to mean that birds have a tendency to 
keep flying at the same average angle. It is assumed that there are three groups of birds and 
only birds in group 3 have changed the angle from 20 to 80°. Then, whole birds in group 3 
change flying degree into 55°. As indicated in Figure 14, if A changes the louver angle from 20 
to 80°, the mean louver angle of residents A, D, H, and J is 55°. Therefore, the louver angles of 
unit A, D, H, and J in same group can be changed into 55° of average of louver angle.

The last rule is that it is assumed that the same group of the residents has similarity in their 
lifestyle. Figure 14 shows an example of applying the louver control at the same angle after 
determining the average angle in the average louver direction of a similar group. The benefit 
of the third rule is that if you control according to a group of similar lifestyles, you are more 
likely to increase resident satisfaction. All of the abovementioned rules will be the same, but 
the third rule is more closely related to the concept of collective intellect.
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5.4. Discussion

In this study, we applied three biomimicry-inspired rules of behavior to a facade design. The 
method described here of applying the rules of bird behavior patterns to the case study building 

Figure 12. Façade simulation applied rule 1.
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5.4. Discussion

In this study, we applied three biomimicry-inspired rules of behavior to a facade design. The 
method described here of applying the rules of bird behavior patterns to the case study building 

Figure 12. Façade simulation applied rule 1.
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described here is surprisingly simple, indicating that it would be simple and straightforward 
to apply this method to the design of architectural facades. Significantly, the method also pro-
vides a starting point for one-to-one customized services based on lifestyle-driven rather than 

Figure 13. Façade simulation applied rule 2.
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performance-driven controls. Performance-based controls can provide clear control baselines, 
but the problem is that the preference criteria for controls vary from resident to resident. One 
way to address this is through behavior-based control methods.

Figure 14. Façade simulation applied rule.
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Above, we discussed the merits of biomimicry and also explained that biomimicry has a role in 
providing a source of design inspiration. The concept of biomimicry can take into account the 
form and function of any other natural organism. The present chapter focuses on the process of 
an adaptable façade design method for concept derivation, which still has practical limitations 
[9]. In the future research, more architectural sections and prototypes are needed to develop by 
adding more functional aspects. In other words, the development of intelligent façade louver 
controls requires a model that combines smart material and sensor technology rather than 
mechanical control. The ideal control process is a hybrid model that combines behavioral and 
performance bases, as shown in Figure 15.

6. Conclusion

6.1. Summary and contribution

This chapter focuses on adaptable architecture that responds to user behavior and the external 
environment, unlike previous studies on environmentally functional façades. In this regard, 

Figure 15. Hybrid control process of performance and behavior-based physical environment.
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this chapter focuses on approaches to controlling façade functions based on user behavior and 
preference rather than a performance-based, functional control approach. The behavior-based 
method presented in this study provides an opportunity to increase the satisfaction of resi-
dents by providing each with individualized service. Of course, the behavior-based approach 
is not perfect. The ideal approach to façade control would be to integrate performance-based 
and behavior-based control methods more effectively.

The point of this chapter is not to mimic a bird’s form but to apply principles of birds’ behavior 
to an architectural façade. The contribution of this chapter is that it presents a façade louver 
control methodology based on an interpretation of birds’ flight behavior from the perspective 
of facade louver control. In particular, this paper differs from the previous studies which has 
been focused on biological forms because it has viewed biomimicry in terms of biological pro-
cesses and nature. Biomimetic design has great potential as a source of inspiration for innova-
tive architectural design. A behavior-based approach, in particular, offers opportunities for 
users to increase their quality of life by meeting personalized needs.

6.2. Future research

In this study, a case study for the development of a façade design using biomimicry is pre-
sented. Although future research will propose an adaptable façade based on various façade 
types, this study limits itself to control of the façade louver angle. However, further research 
is needed to extend façade control to window opening and blind systems. Future research 
aimed at building a façade control system that considers the view of the interior from a user-
centered rather than from an outside viewpoint is also needed.

Further research is also needed for further development of a hybrid façade that links per-
formance and behavior. For instance, adaptable façades associated with ventilation, thermal 
insulation, and day lighting should be developed. Further studies on esthetic aspects of adapt-
able façades, including design algorithm patterns, composition, and design principles, should 
also be pursued. In addition, moving beyond planar façades, design methods for adaptable 
façades that fit curved forms must be developed. A study of adaptable façades that can be 
controlled by self-organism is also needed.

This chapter concludes that a good building should be able to respond flexibly to ever-changing 
environments. A bio-inspired adaptable façade is a solution with great potential for creating 
esthetically pleasing sustainable architecture with comfortable interior conditions.
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Abstract

In this chapter, most of the methods used in the literature to prepare switchable and
reversible superhydrophobic surfaces are described. Inspired by Nature, it is possible to
induce the Cassie-Baxter�Wenzel transition using different external stimuli such as
light, temperature, pH, ion exchange, voltage, magnetic field, mechanic stress, plasma,
ultrasonication, solvent, gas or guest. Such properties are extremely important for vari-
ous applications but especially for controllable oil/water separation membranes, oil-
absorbing materials and water harvesting systems.

Keywords: superhydrophobic, reversible, switchable, bioinspiration, biomimetism

1. Introduction

Superhydrophobic surfaces are characterized by a water apparent contact angle (θw) above 150�

and ultra-low water adhesion or hysteresis (H). The obtaining of superhydrophobic surfaces is
crucial in a theoretical point of view and also for various applications such as in self-cleaning
windows and textiles, antifingerprint or antireflective properties for optical instruments and
mobile phones, liquid transportation, separation membrane, cell and antibacterial adhesion. In
Nature, many plants and animals have superhydrophobic properties [1]. These surface proper-
ties are extremely important for example to survive against predators or in hostile or arid
environments. One can cite the famous Lotus leaves with their self-cleaning properties and also
other plants and animals able to slide on the water surface, to see in fogging environments, to
walk on vertical substrates, to breath underwater or to swim very rapidly (Figure 1) [2–14].

For practical applications, it is often necessary to have “robust” superhydrophobic properties,
which is possible combining appropriate surface structures and low surface energy materials.
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Indeed, robust superhydrophobic surfaces are obtained if the surface is able to stabilize the
Cassie-Baxter state. Using an extern pressure, it is possible to induce the Cassie-Baxter�Wenzel
transition but the transition is irreversible. Hence, in order to induce reversible Cassie-
Baxter�Wenzel transition, extern stimuli are often used. In this chapter, most of the methods

Figure 1. Various species with special wettability properties. A (golden Candock leaves) Ref. [4], Copyright 2011.
Reprinted with permission from American Chemical Society, USA. B (Strelitzia reginae leaves) Ref. [5], Copyright 2012.
Reprinted with permission from American Chemical Society, USA. C (rose petals) Ref. [9], Copyright 2008. Reprinted
with permission from American Chemical Society, USA. D (springtails) Ref. [8], Copyright 2013. Reprinted with permis-
sion from American Chemical Society, USA. E (insect and animal foot) Ref. [13], Copyright 2009. Reprinted with
permission from American Chemical Society, USA. F (Juncus pith) Ref. [14], Copyright 2017. Reprinted with permission
from American Chemical Society, USA.
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used in the literature to obtain switchable and reversible superhydrophobic surfaces are summa-
rized. Indeed, different extern stimuli can be used such as the light, temperature, magnetic
field, mechanical stress or ion exchange. Such materials are extremely used for applications in
controllable oil/water separation membranes and water harvesting. One of the main applica-
tions is membranes with controllable wettability for oil/water separation. This application is
extremely important to find solutions the spill of oil tankers. Another application is their use in
car or building windows in order to see clearly even when it is raining. Water is also not
wanted in building materials because it has a high thermal conductivity. Methods to remove
quickly water are highly expected. Water harvesting is another important application and
systems able to control water wettability are extremely promising especially in hot and arid
environments.

2. Theoretical part

Both the surface energy (γSV) and the presence of surface roughness are key parameters to reach
superhydrophobic properties. As reported by Young, the contact angles of a “smooth” substrate
are governed by three surface tensions following the reaction: cos θY = (γSV � γSL)/γLV, where
γSV, γSL and γLV are the surface tensions at the solid-vapor, solid-liquid and liquid-vapor inter-
faces, respectively [15]. However, the presence of surface roughness is fundamental to reach
contact angles above 150�, as reported by Wenzel and Cassie-Baxter [16, 17] (Figure 2). These
two equations take into account the effect of surface roughness, contrary to the Young equation
but are also related to the Young equation. When the water droplet follows theWenzel regime, it
penetrates inside all the surface roughness leading to a full solid-liquid interface but amplified by
the roughness parameter following the equation: cos θ = r cos θY (r is the roughness parameter)
[16]. Hence, the adhesion of water droplet is important because the roughness parameter
increases the solid-liquid interface. Moreover, it is possible to reach contact angle above 150�

but only using intrinsically hydrophobic materials (θY > 90�). However, it is now admitted the
possible to obtain superhydrophobic and even superoleophobic properties using intrinsically
hydrophilic and oleophilic materials, respectively. This is possible only if air is present inside the
surface roughness, as reported by Cassie-Baxter [17]. The Cassie-Baxter equation has to be
applied when there is air trapped inside the surface roughness between the water droplet and
the surface. The Cassie-Baxter equation is cos θ = rf fcos θ

Y+ f � 1 where rf is the roughness ratio
of the substrate wetted by the liquid, f the solid fraction and (1 � f) the air fraction. Moreover,

Figure 2. Schematic representation of a water droplet following the Wenzel and Cassie-Baxter equations.
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Indeed, robust superhydrophobic surfaces are obtained if the surface is able to stabilize the
Cassie-Baxter state. Using an extern pressure, it is possible to induce the Cassie-Baxter�Wenzel
transition but the transition is irreversible. Hence, in order to induce reversible Cassie-
Baxter�Wenzel transition, extern stimuli are often used. In this chapter, most of the methods

Figure 1. Various species with special wettability properties. A (golden Candock leaves) Ref. [4], Copyright 2011.
Reprinted with permission from American Chemical Society, USA. B (Strelitzia reginae leaves) Ref. [5], Copyright 2012.
Reprinted with permission from American Chemical Society, USA. C (rose petals) Ref. [9], Copyright 2008. Reprinted
with permission from American Chemical Society, USA. D (springtails) Ref. [8], Copyright 2013. Reprinted with permis-
sion from American Chemical Society, USA. E (insect and animal foot) Ref. [13], Copyright 2009. Reprinted with
permission from American Chemical Society, USA. F (Juncus pith) Ref. [14], Copyright 2017. Reprinted with permission
from American Chemical Society, USA.
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used in the literature to obtain switchable and reversible superhydrophobic surfaces are summa-
rized. Indeed, different extern stimuli can be used such as the light, temperature, magnetic
field, mechanical stress or ion exchange. Such materials are extremely used for applications in
controllable oil/water separation membranes and water harvesting. One of the main applica-
tions is membranes with controllable wettability for oil/water separation. This application is
extremely important to find solutions the spill of oil tankers. Another application is their use in
car or building windows in order to see clearly even when it is raining. Water is also not
wanted in building materials because it has a high thermal conductivity. Methods to remove
quickly water are highly expected. Water harvesting is another important application and
systems able to control water wettability are extremely promising especially in hot and arid
environments.

2. Theoretical part

Both the surface energy (γSV) and the presence of surface roughness are key parameters to reach
superhydrophobic properties. As reported by Young, the contact angles of a “smooth” substrate
are governed by three surface tensions following the reaction: cos θY = (γSV � γSL)/γLV, where
γSV, γSL and γLV are the surface tensions at the solid-vapor, solid-liquid and liquid-vapor inter-
faces, respectively [15]. However, the presence of surface roughness is fundamental to reach
contact angles above 150�, as reported by Wenzel and Cassie-Baxter [16, 17] (Figure 2). These
two equations take into account the effect of surface roughness, contrary to the Young equation
but are also related to the Young equation. When the water droplet follows theWenzel regime, it
penetrates inside all the surface roughness leading to a full solid-liquid interface but amplified by
the roughness parameter following the equation: cos θ = r cos θY (r is the roughness parameter)
[16]. Hence, the adhesion of water droplet is important because the roughness parameter
increases the solid-liquid interface. Moreover, it is possible to reach contact angle above 150�

but only using intrinsically hydrophobic materials (θY > 90�). However, it is now admitted the
possible to obtain superhydrophobic and even superoleophobic properties using intrinsically
hydrophilic and oleophilic materials, respectively. This is possible only if air is present inside the
surface roughness, as reported by Cassie-Baxter [17]. The Cassie-Baxter equation has to be
applied when there is air trapped inside the surface roughness between the water droplet and
the surface. The Cassie-Baxter equation is cos θ = rf fcos θ

Y+ f � 1 where rf is the roughness ratio
of the substrate wetted by the liquid, f the solid fraction and (1 � f) the air fraction. Moreover,

Figure 2. Schematic representation of a water droplet following the Wenzel and Cassie-Baxter equations.
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with the Cassie-Baxter, it is possible to obtain superhydrophobic properties with ultra-low
adhesion if the air fraction between the water droplet and the surface is extremely important.

The Wenzel and Cassie-Baxter are two extreme states, and it is possible to induce the Cassie-
Baxter-to-Wenzel wetting transition by applying an extern pressure. Indeed, the Cassie-Baxter
equation is a metastable state, and it is possible to switch from the Cassie-Baxter to the Wenzel
state by supplying a sufficient energy. “Robust” superhydrophobic surfaces are surfaces that
can repel water even if a high pressure is applied [18, 19]. This is the case of the lotus leaves,
which remain superhydrophobic even during rainfalls. It was also shown that the presence of
re-entrant surface structures often to increase the surface robustness [20–23]. However, the
Cassie-Baxter-to-Wenzel wetting transition by applying an extern pressure is irreversible
because the dewetting forces are too strong [24, 25]. In this review, by supplying other energies
to the system, it will be shown how it is possible to obtain reversible Cassie-Baxter-to-Wenzel
wetting transition with the possibility to obtain, for example, reversible superhydrophobic-to-
superhydrophilic properties. Indeed, it is possible to obtain reversible superhydrophobic
properties if this energy modifies the surface energy (γSV) and/or the surface roughness. Most
of the extern stimuli used in the literature to obtain reversible superhydrophobic properties
will be reviewed.

3. Reversible superhydrophobic surfaces

The surface energy and surface morphology are two main key parameters governing surface
wettability. Extern stimuli are very interesting approaches to induce a change in surface energy
and/or surface morphology and lead to a transition from hydrophobic/superhydrophobic to
hydrophilic/superhydrophilic. The stimuli used in the literature will be described in order to
induce reversible changes in surface wettability (Figure 3).

Figure 3. Schematic representation of reversible changes in the surface wettability using extern stimuli.
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3.1. UV light

Light is one of the major extern stimuli used in the literature because of the easiness of
utilization and high changes in surface wettability [26]. Various photosensitive inorganic
oxides and organic polymers can undergo transitions from hydrophobic/superhydrophobic
to hydrophilic/superhydrophilic after UV light irradiation and come back to the original state
after storing in dark or exposing to visible light (VIS). This transition is often reversible during
many cycles.

3.1.1. Inorganic materials

Among the photosensitive inorganic oxides, TiO2 and ZnO are the most studied semiconduc-
tors. TiO2 films are now largely used as steamtight and self-cleaning windows for their
intrinsic photocatalytic properties and photo-induced hydrophilicity. Indeed, as shown in
Figure 4, the presence of UV irradiation induces the formation of photoexcited electrons,
which can reduce O2 to generate superoxide radicals (•O2

�) or hydroperoxyl radicals (HO2
•).

These reactive oxygen species are able to convert organic pollutants into CO2 and water and as
a consequence clean the surface [27, 28].

In 1997, Watanabe et al. [29, 30] showed that the water contact angle (θw) of polycrystalline
anatase TiO2 was 72 � 1� and that their wettability properties could reversely change after UV
light irradiation. Indeed, as shown in Figure 4, the surface of TiO2 consists of oxygen bridges and
UV irradiation creates oxygen vacancies converting Ti4+ into Ti3+. These defects can then react
with water forming hydrophilic group at the surface and as a consequence increase the surface
hydrophilicity. Then, the wettability conversion was observed on both polycrystalline/monocrys-
talline anatase and rutile [31, 32]. Many works were dedicated to the modulation of the wetta-
bility of TiO2 films [33, 34]. Among these works, low surface energy coatings were used to
enhance the surface hydrophobicity. For example, the contact angle of colloidal crystal of TiO2

films modified by fluoroalkylsilanes (FAS) was 100� [35]. Then, as observed in Nature, a huge
attention was dedicated to the increase in surface roughness of TiO2 films in order to obtain
superhydrophobic properties (θw > 150� and low water adhesion). For example, based on Al2O3

Figure 4. Left: Schematic representation of photocatalytic processes; right: schematic representation of photo-induced
hydrophilicity, occurred during UV light irradiation of TiO2.
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with the Cassie-Baxter, it is possible to obtain superhydrophobic properties with ultra-low
adhesion if the air fraction between the water droplet and the surface is extremely important.

The Wenzel and Cassie-Baxter are two extreme states, and it is possible to induce the Cassie-
Baxter-to-Wenzel wetting transition by applying an extern pressure. Indeed, the Cassie-Baxter
equation is a metastable state, and it is possible to switch from the Cassie-Baxter to the Wenzel
state by supplying a sufficient energy. “Robust” superhydrophobic surfaces are surfaces that
can repel water even if a high pressure is applied [18, 19]. This is the case of the lotus leaves,
which remain superhydrophobic even during rainfalls. It was also shown that the presence of
re-entrant surface structures often to increase the surface robustness [20–23]. However, the
Cassie-Baxter-to-Wenzel wetting transition by applying an extern pressure is irreversible
because the dewetting forces are too strong [24, 25]. In this review, by supplying other energies
to the system, it will be shown how it is possible to obtain reversible Cassie-Baxter-to-Wenzel
wetting transition with the possibility to obtain, for example, reversible superhydrophobic-to-
superhydrophilic properties. Indeed, it is possible to obtain reversible superhydrophobic
properties if this energy modifies the surface energy (γSV) and/or the surface roughness. Most
of the extern stimuli used in the literature to obtain reversible superhydrophobic properties
will be reviewed.

3. Reversible superhydrophobic surfaces

The surface energy and surface morphology are two main key parameters governing surface
wettability. Extern stimuli are very interesting approaches to induce a change in surface energy
and/or surface morphology and lead to a transition from hydrophobic/superhydrophobic to
hydrophilic/superhydrophilic. The stimuli used in the literature will be described in order to
induce reversible changes in surface wettability (Figure 3).

Figure 3. Schematic representation of reversible changes in the surface wettability using extern stimuli.
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3.1. UV light

Light is one of the major extern stimuli used in the literature because of the easiness of
utilization and high changes in surface wettability [26]. Various photosensitive inorganic
oxides and organic polymers can undergo transitions from hydrophobic/superhydrophobic
to hydrophilic/superhydrophilic after UV light irradiation and come back to the original state
after storing in dark or exposing to visible light (VIS). This transition is often reversible during
many cycles.

3.1.1. Inorganic materials

Among the photosensitive inorganic oxides, TiO2 and ZnO are the most studied semiconduc-
tors. TiO2 films are now largely used as steamtight and self-cleaning windows for their
intrinsic photocatalytic properties and photo-induced hydrophilicity. Indeed, as shown in
Figure 4, the presence of UV irradiation induces the formation of photoexcited electrons,
which can reduce O2 to generate superoxide radicals (•O2

�) or hydroperoxyl radicals (HO2
•).

These reactive oxygen species are able to convert organic pollutants into CO2 and water and as
a consequence clean the surface [27, 28].

In 1997, Watanabe et al. [29, 30] showed that the water contact angle (θw) of polycrystalline
anatase TiO2 was 72 � 1� and that their wettability properties could reversely change after UV
light irradiation. Indeed, as shown in Figure 4, the surface of TiO2 consists of oxygen bridges and
UV irradiation creates oxygen vacancies converting Ti4+ into Ti3+. These defects can then react
with water forming hydrophilic group at the surface and as a consequence increase the surface
hydrophilicity. Then, the wettability conversion was observed on both polycrystalline/monocrys-
talline anatase and rutile [31, 32]. Many works were dedicated to the modulation of the wetta-
bility of TiO2 films [33, 34]. Among these works, low surface energy coatings were used to
enhance the surface hydrophobicity. For example, the contact angle of colloidal crystal of TiO2

films modified by fluoroalkylsilanes (FAS) was 100� [35]. Then, as observed in Nature, a huge
attention was dedicated to the increase in surface roughness of TiO2 films in order to obtain
superhydrophobic properties (θw > 150� and low water adhesion). For example, based on Al2O3

Figure 4. Left: Schematic representation of photocatalytic processes; right: schematic representation of photo-induced
hydrophilicity, occurred during UV light irradiation of TiO2.
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colloids with flower-like morphology, rough colloidal TiO2 films modified by fluoroalkylsilanes
(FAS) was prepared in 2000 [36]. The combination of surface microstructures with low surface
energy materials allowed reaching superhydrophobic properties with θw > 150�. After exposure
to UV light irradiation, the films became superhydrophilic with θw < 5�.

Then, with the development of fabrication techniques, many processes were employed to
obtain rough surface with various surface morphology [37–54]. TiO2 nanorods with hierarchi-
cal dual-scale roughness were obtained using a hydrothermal process in the presence if TiO3

and NaCl. The surfaces displayed superhydrophobic properties with θw = 154 � 1.3� without
using low surface energy materials and superhydrophilic properties with θw ≈ 0� after UV
light irradiation. Moreover, after dark storage, the surface properties could reversely change
from superhydrophobic to superhydrophilic during different cycles [37].

Vertically aligned TiO2 nanotubes were also reported by anodization of Ti substrates in the
presence of F� [38–40]. The tube diameter and length were 175 nm and 3.3 μm, while the
density of TiO2 the nanotubes was 2.3 � 107 tubes mm�2. After modification with a fluoroalk-
ylsilane, the substrates displayed superhydrophobic properties with low water adhesion
before UV irradiation and parahydrophobic with high water adhesion after UV irradiation.
Moreover, the substrates could reversely switch from non-sticky to sticky by UV irradiation
and heat annealing. Other authors also report the possible switching from highly hydrophobic
and superhydrophilic using N-doped TiO2 nanotubes but without low surface energy mate-
rials (Figure 5) [39]. Superhydrophobic TiO2 surfaces with nanostrawberry-like morphology
were also reported using a seeding growth process [41].

Now, TiO2-based superhydrophobic surfaces with reversibility are largely used for the concep-
tion of smart surfaces and other functional materials. However, some rough morphologies lead
to a severe dispersion of the light if their roughness is higher than the wavelength of the light and
as a consequence to a loss in transparency. Hence, a promising strategy is the use of surfaces with
low surface roughness [42]. In order to obtain an easy and reproducible method, Fujishima et al.

Figure 5. TiO2 nanotubes with reversible wetting properties upon UV light irradiation and dark storage. Ref. [39],
copyright 2013. Reprinted with permission from American Chemical Society, USA.
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used a CF4 plasma etching to reach microstructured TiO2-based superhydrophobic properties
[43, 44] after coating with octadodecylphosphonic acid (ODP). After an etching time of 30s,
surfaces with θw > 165� were obtained with reversible conversion by UV irradiation. Ti substrates
with switchable and reversible wettability from underwater superoleophobic to superoleophilic
were also obtained by femtolaser laser treatment. The substrates are excellent candidates for
separating oil/water mixtures [45]. TiO2 nanoparticles were also deposited on microstructured
surfaces in order to enhance the surface properties [45–54]. For example, Franssila et al. used
substrates with microscale overhang pillars before depositing TiO2 nanoparticles by atomic layer
deposition [46, 47]. Depending on the UV irradiation time, the surfaces could switch from
superhydrophobic to parahydrophobic (1 min), hydrophilic (5 min) or superhydrophilic
(10 min). TiO2 nanoparticles were also deposited on pre-patterned substrates such as paper,
membranes or sponges in order to induce different special wettabilities [51–54].

ZnO is another extremely important photosensitive semiconductor for its intrinsic optical,
electronic and acoustic properties, reacting similarly to TiO2 [55, 56]. Here, also many works
were dedicated to induce ZnO structures with high roughness [57–79]. Jiang et al. reported the
obtaining of ZnO nanorod arrays using hydrothermal processes (Figure 6). Their diameter and
length were 50–150 nm and 1.2 μm, respectively. The surfaces displayed switchable and
reversible properties from superhydrophobic (θw = 161.2�) to superhydrophilic by alternating
UV light irradiation and dark storage [57]. These kinds of materials could also be used as
memristors controllable with the illumination direction [60].

Another application is the preparation of controllable membranes for oil/water separation with
specific wetting properties. For example, Jiang et al. developed switchable and reversible
superhydrophobic-superhydrophilic and underwater superoleophobic properties by growth
of ZnO nanorods on stainless steel meshes (Figure 7). More precisely, the meshes were both
superhydrophobic and underwater superoleophilic but became both superhydrophilic and
underwater superoleophobic after UV light irradiation [61].

ZnO nanorods were also reported using other processes, including chemical vapor deposition
(CVD) [62], spray [63, 64] or electrodeposition [65, 66]. Otherwise, ZnO nanostructures of various
shapes, including nanosheets, nanowires or nanoflowers, can be easily produced [67–77]. For
example, nanoflower structures were obtained just by adding NH3 during the hydrothermal
process in order to form Zn(NH3)4

2+ complexes before the formation of ZnO structures [76]. ZnO
nanowires were also reported by annealing Zn films at 500�C [70]. Otherwise, the growth of ZnO
can also be induced on pre-structured surfaces. For example, a smooth ZnO film was added to Si
nanospikes to reach reversible wettability and photocatalytic behavior [78, 79].

Various other oxides, including WO3, V2O5, SnO2, CuO, Fe2O3, In2O3, SiC and GaN, were used
to reversibly change the surface wettability from superhydrophobic to superhydrophilic
by alternating UV light irradiation and dark storage or heat treatment [80–92]. For example,
Wang et al. showed that the protein adsorption and cell adhesion on GaN nanowires can be
modulated by UV irradiation because the surface wettability changes from superhydrophobic to
superhydrophilic. It was also sometimes necessary to add a hydrophobic molecule to enhance
the surface hydrophobicity and the UV treatment is often able to remove this molecule [93–97].
For example, Bi2O3 hyperbranched dendritic structures were superhydrophobic but only after
immersion in stearic acid solution [96]. Then, the UV irradiation was able to remove stearic acid
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colloids with flower-like morphology, rough colloidal TiO2 films modified by fluoroalkylsilanes
(FAS) was prepared in 2000 [36]. The combination of surface microstructures with low surface
energy materials allowed reaching superhydrophobic properties with θw > 150�. After exposure
to UV light irradiation, the films became superhydrophilic with θw < 5�.

Then, with the development of fabrication techniques, many processes were employed to
obtain rough surface with various surface morphology [37–54]. TiO2 nanorods with hierarchi-
cal dual-scale roughness were obtained using a hydrothermal process in the presence if TiO3

and NaCl. The surfaces displayed superhydrophobic properties with θw = 154 � 1.3� without
using low surface energy materials and superhydrophilic properties with θw ≈ 0� after UV
light irradiation. Moreover, after dark storage, the surface properties could reversely change
from superhydrophobic to superhydrophilic during different cycles [37].

Vertically aligned TiO2 nanotubes were also reported by anodization of Ti substrates in the
presence of F� [38–40]. The tube diameter and length were 175 nm and 3.3 μm, while the
density of TiO2 the nanotubes was 2.3 � 107 tubes mm�2. After modification with a fluoroalk-
ylsilane, the substrates displayed superhydrophobic properties with low water adhesion
before UV irradiation and parahydrophobic with high water adhesion after UV irradiation.
Moreover, the substrates could reversely switch from non-sticky to sticky by UV irradiation
and heat annealing. Other authors also report the possible switching from highly hydrophobic
and superhydrophilic using N-doped TiO2 nanotubes but without low surface energy mate-
rials (Figure 5) [39]. Superhydrophobic TiO2 surfaces with nanostrawberry-like morphology
were also reported using a seeding growth process [41].

Now, TiO2-based superhydrophobic surfaces with reversibility are largely used for the concep-
tion of smart surfaces and other functional materials. However, some rough morphologies lead
to a severe dispersion of the light if their roughness is higher than the wavelength of the light and
as a consequence to a loss in transparency. Hence, a promising strategy is the use of surfaces with
low surface roughness [42]. In order to obtain an easy and reproducible method, Fujishima et al.

Figure 5. TiO2 nanotubes with reversible wetting properties upon UV light irradiation and dark storage. Ref. [39],
copyright 2013. Reprinted with permission from American Chemical Society, USA.

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry128

used a CF4 plasma etching to reach microstructured TiO2-based superhydrophobic properties
[43, 44] after coating with octadodecylphosphonic acid (ODP). After an etching time of 30s,
surfaces with θw > 165� were obtained with reversible conversion by UV irradiation. Ti substrates
with switchable and reversible wettability from underwater superoleophobic to superoleophilic
were also obtained by femtolaser laser treatment. The substrates are excellent candidates for
separating oil/water mixtures [45]. TiO2 nanoparticles were also deposited on microstructured
surfaces in order to enhance the surface properties [45–54]. For example, Franssila et al. used
substrates with microscale overhang pillars before depositing TiO2 nanoparticles by atomic layer
deposition [46, 47]. Depending on the UV irradiation time, the surfaces could switch from
superhydrophobic to parahydrophobic (1 min), hydrophilic (5 min) or superhydrophilic
(10 min). TiO2 nanoparticles were also deposited on pre-patterned substrates such as paper,
membranes or sponges in order to induce different special wettabilities [51–54].

ZnO is another extremely important photosensitive semiconductor for its intrinsic optical,
electronic and acoustic properties, reacting similarly to TiO2 [55, 56]. Here, also many works
were dedicated to induce ZnO structures with high roughness [57–79]. Jiang et al. reported the
obtaining of ZnO nanorod arrays using hydrothermal processes (Figure 6). Their diameter and
length were 50–150 nm and 1.2 μm, respectively. The surfaces displayed switchable and
reversible properties from superhydrophobic (θw = 161.2�) to superhydrophilic by alternating
UV light irradiation and dark storage [57]. These kinds of materials could also be used as
memristors controllable with the illumination direction [60].

Another application is the preparation of controllable membranes for oil/water separation with
specific wetting properties. For example, Jiang et al. developed switchable and reversible
superhydrophobic-superhydrophilic and underwater superoleophobic properties by growth
of ZnO nanorods on stainless steel meshes (Figure 7). More precisely, the meshes were both
superhydrophobic and underwater superoleophilic but became both superhydrophilic and
underwater superoleophobic after UV light irradiation [61].

ZnO nanorods were also reported using other processes, including chemical vapor deposition
(CVD) [62], spray [63, 64] or electrodeposition [65, 66]. Otherwise, ZnO nanostructures of various
shapes, including nanosheets, nanowires or nanoflowers, can be easily produced [67–77]. For
example, nanoflower structures were obtained just by adding NH3 during the hydrothermal
process in order to form Zn(NH3)4

2+ complexes before the formation of ZnO structures [76]. ZnO
nanowires were also reported by annealing Zn films at 500�C [70]. Otherwise, the growth of ZnO
can also be induced on pre-structured surfaces. For example, a smooth ZnO film was added to Si
nanospikes to reach reversible wettability and photocatalytic behavior [78, 79].

Various other oxides, including WO3, V2O5, SnO2, CuO, Fe2O3, In2O3, SiC and GaN, were used
to reversibly change the surface wettability from superhydrophobic to superhydrophilic
by alternating UV light irradiation and dark storage or heat treatment [80–92]. For example,
Wang et al. showed that the protein adsorption and cell adhesion on GaN nanowires can be
modulated by UV irradiation because the surface wettability changes from superhydrophobic to
superhydrophilic. It was also sometimes necessary to add a hydrophobic molecule to enhance
the surface hydrophobicity and the UV treatment is often able to remove this molecule [93–97].
For example, Bi2O3 hyperbranched dendritic structures were superhydrophobic but only after
immersion in stearic acid solution [96]. Then, the UV irradiation was able to remove stearic acid
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and the surface became superhydrophilic. However, to obtain superhydrophobic properties
again, it was necessary to add stearic acid again.

Similarly, carbon-based materials, including carbon nanotubes and graphene films, were also
found to change from superhydrophobic to superhydrophilic by UV light irradiation and dark
storage [98–101]. Here, the authors proposed that UV irradiation allows to change the
absorbed O2 molecules into hydrophilic groups such as hydroxyl ones [98]. Moreover, various
inorganic oxides (such ZnO, p-Si, Al2O3, SrTiO3, Sn, ZnS, CuO, Ag2O and Cr2O3) were found
to be also sensitive to X-ray with reversible wettability [102].

3.1.2. Nanocomposites

In order to enhance the stability of the light-sensitive materials, nanocomposites are often
performed [103–114]. For example, superhydrophobic TiO2/polystyrene (PS) nanocomposites
were prepared in the literature. The material wettability could be reversely switch from

Figure 6. ZnO nanorod arrays with reversible wetting properties upon UV light irradiation and dark storage. The panels a-d
represent FE-SEM top-images at low and high magnifications, cross-sectional view and XRD pattern of the ZnO nanorod
films. The materials were used as controllable memristors. Ref. [57, 96], Copyright 2004. Reprinted with permission from
American Chemical Society, USA [60].
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superhydrophobic to superhydrophilic by alternating UV light illumination and heat treat-
ment [103, 104]. Using Ag-TiO2/poly(methyl methacrylate) (PMMA) nanocomposites, it was
also possible to switch from superhydrophobic (low adhesion) to parahydrophobic (high
adhesion) after UV irradiation [105]. Moreover, the materials displayed anticorrosive proper-
ties. ZnO/polyurethane (PU) nanocomposites were also sprayed on stainless steel meshes
[110]. The resulting meshes displayed superhydrophobic and superhydrophilic/underwater
superoleophobic properties by alternating UV treatment and heat treatment. These meshes
could be used to separate oil/water mixtures. Chen et al. also used TiO2 � SiO2/polydimethyl-
siloxane (PDMS) to coat polyester-cotton fabrics [111]. The resulting fabrics were wash-
resistant, resistant to strong acids and could be used to separate oil/water mixtures. Moreover,
the photocatalytic properties of TiO2 were also useful to treat dye waste water. Fluorinated
compounds or polymers can also be used in order to enhance the superhydrophobic properties
[112–114]. For example, TiO2/poly(vinylidene fluoride) (PVDF) displayed both extremely high
θw = 160.1� and low sliding angle (5.5�), and anticorrosive properties [112].

3.1.3. Photochromic organic groups

Organic chemicals containing photochromic functional groups such as azobenzenes [115],
diarylethenes, spiropyrans [116], bipyridyl ethylenes [117], stilbenes [118] or pyrimidines [119]
can follow a reversible transition by UV/vis light, which can lead to differences of wettability.

Figure 7. ZnO nanorod arrays grown on stainless steel meshes (Panel A). The Panels b-d represent SEM top view, local
enlarged view and side view of the aligned ZnO nanorod array-coated stainless steel mesh film. The resulting meshes could
switch from superhydrophobic and underwater superoleophilic to superhydrophilic and underwater superoleophobic upon
UV light irradiation. Ref. [61], Copyright 2012. Reprinted with permission from Royal Society of Chemistry, United Kingdom.
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and the surface became superhydrophilic. However, to obtain superhydrophobic properties
again, it was necessary to add stearic acid again.

Similarly, carbon-based materials, including carbon nanotubes and graphene films, were also
found to change from superhydrophobic to superhydrophilic by UV light irradiation and dark
storage [98–101]. Here, the authors proposed that UV irradiation allows to change the
absorbed O2 molecules into hydrophilic groups such as hydroxyl ones [98]. Moreover, various
inorganic oxides (such ZnO, p-Si, Al2O3, SrTiO3, Sn, ZnS, CuO, Ag2O and Cr2O3) were found
to be also sensitive to X-ray with reversible wettability [102].

3.1.2. Nanocomposites

In order to enhance the stability of the light-sensitive materials, nanocomposites are often
performed [103–114]. For example, superhydrophobic TiO2/polystyrene (PS) nanocomposites
were prepared in the literature. The material wettability could be reversely switch from

Figure 6. ZnO nanorod arrays with reversible wetting properties upon UV light irradiation and dark storage. The panels a-d
represent FE-SEM top-images at low and high magnifications, cross-sectional view and XRD pattern of the ZnO nanorod
films. The materials were used as controllable memristors. Ref. [57, 96], Copyright 2004. Reprinted with permission from
American Chemical Society, USA [60].
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superhydrophobic to superhydrophilic by alternating UV light illumination and heat treat-
ment [103, 104]. Using Ag-TiO2/poly(methyl methacrylate) (PMMA) nanocomposites, it was
also possible to switch from superhydrophobic (low adhesion) to parahydrophobic (high
adhesion) after UV irradiation [105]. Moreover, the materials displayed anticorrosive proper-
ties. ZnO/polyurethane (PU) nanocomposites were also sprayed on stainless steel meshes
[110]. The resulting meshes displayed superhydrophobic and superhydrophilic/underwater
superoleophobic properties by alternating UV treatment and heat treatment. These meshes
could be used to separate oil/water mixtures. Chen et al. also used TiO2 � SiO2/polydimethyl-
siloxane (PDMS) to coat polyester-cotton fabrics [111]. The resulting fabrics were wash-
resistant, resistant to strong acids and could be used to separate oil/water mixtures. Moreover,
the photocatalytic properties of TiO2 were also useful to treat dye waste water. Fluorinated
compounds or polymers can also be used in order to enhance the superhydrophobic properties
[112–114]. For example, TiO2/poly(vinylidene fluoride) (PVDF) displayed both extremely high
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3.1.3. Photochromic organic groups
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diarylethenes, spiropyrans [116], bipyridyl ethylenes [117], stilbenes [118] or pyrimidines [119]
can follow a reversible transition by UV/vis light, which can lead to differences of wettability.

Figure 7. ZnO nanorod arrays grown on stainless steel meshes (Panel A). The Panels b-d represent SEM top view, local
enlarged view and side view of the aligned ZnO nanorod array-coated stainless steel mesh film. The resulting meshes could
switch from superhydrophobic and underwater superoleophilic to superhydrophilic and underwater superoleophobic upon
UV light irradiation. Ref. [61], Copyright 2012. Reprinted with permission from Royal Society of Chemistry, United Kingdom.
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Among them, azobenzene group and its derivatives are extremely promising as photo-
sensitive materials and were highly studied in the literature [120–135]. The azobenzene group
is able to reversely switch from the trans to the cis isomer by UV light and visible light
irradiation, as shown in Figure 8 [121]. After grafting azobenzene on a polymer, Jiang et al.
reported that the trans isomer is more hydrophobic because it has a smaller dipole moment
and a low surface energy, in comparison to the cis isomer. Indeed, the benzene substituent is
more present at the extreme surface in the trans isomer. However, the changes in θw on smooth
substrates are lower than 10� after UV irradiation [122].

In 2005, Jiang et al. prepared a rough micro-patterned silicon substrate by photolithography
and deposited on it a monolayer of azobenzene [121]. They showed that the difference in θw

between the trans and cis isomer is highly depending on the spacing between the pillars
(Figure 9). The highest θw difference was obtained for a spacing of 40 μm, for which a change
from 152.6 to 78.3� was observed after UV light irradiation. Hence, the maximal difference
observed was 66.3�.

In order to enhance the surface properties, hydrophobic substituents such as CF3 were grafted
on the benzene ring of azobenzene groups [123]. When azobenzene is in the trans form, the CF3
groups are at the extreme surface and the surface is expected to be more hydrophobic than
without CF3 groups. Combining fluorinated azobenzene with high roughness, Cho et al. were

Figure 8. Reversible change in the cis-trans configuration of azobenzene group upon UV light and visible light irradia-
tion. Ref. [121], Copyright 2005. Reprinted with permission from Royal Society of Chemistry, United Kingdom.

Figure 9. Variation of the water contact angle (Panel B) of a monolayer of azobenzene deposited on a micro-patterned
silicon substrate as a function of the pillar spacing (Panel A). Ref. [121], Copyright 2005. Reprinted with permission from
Royal Society of Chemistry, United Kingdom.
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the first to show the possibility reversibly switch from superhydrophobic to superhydrophilic
during the trans/cis transition [124, 125]. Using a layer-by-layer strategy alternating poly
(allylamine hydrochloride) (PAH) and SiO2 nanoparticles to obtain rough surfaces, the
azobenzene substituents were grafted during the last step. Even if the UV irradiation induced
a small θw difference (5�) for the smooth substrate, the increase in roughness induces a huge
θw difference up to 147� for nine deposition cycles. Similar results were obtained using core-
shell Fe3O4@SiO2 nanoparticles [126]. The surface hydrophobicity could be easily controlled
with the UVor visible light illumination time (Figure 10). These materials could also be used to
selectively induce water permeation inside membranes.

Other works showed the possibility to modify cotton and paper substrates with these kinds of
photosensitive polymers [127–129]. Using polyhedral oligomeric silsesquioxane (POSS) and fluo-
rinated azobenzene, Gao et al. reported the possibility to obtain cotton fabrics with switchable
from superhydrophobic/superoleophobic to highly hydrophobic/oleophobic [128, 129]. Indeed,
many works were dedicated to the switching from superhydrophobic (low adhesion) to
parahydrophobic (high adhesion) after UV irradiation. In order to achieve these properties, many
strategies were employed in the literature [130–135]. For example, Xu et al. used an
organotellurium-mediated controlled radical polymerization (TERP) in order to achieve polymers

Figure 10. Preparation of light-induced water permeation membranes by grafting azobenzene with CF3 groups on
Fe3O4@SiO2 nanoparticles. Ref. [126], Copyright 2014. Reprinted with permission from Royal Society of Chemistry,
United Kingdom.
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with micro/nanostructures [130–132]. Hu et al. used SiO2 nanoparticles and polydopamine in
order to graft the azobenzene moieties on SiO2 nanoparticles [131]. By contrast, other groups
deposited azobenzene-based materials on pre-structured surfaces [133–135]. For example,
Rühe et al. deposited the azobenzene moieties on Si nanograss obtained by etching Si sub-
strates with C4F8, SF6 and O2. The surfaces could switch from low adhesion to completely
sticky after UV irradiation [133]. Yu et al. used micro and nanostructures substrates obtained
by photolithography and etching before depositing the azobenzene moieties [134]. The
authors measured an adhesion force of 60.6 � 12.3 μN and 80.8 � 4.9 μN before and after
UV illumination, respectively. Liu et al. used anodized aluminum substrates with a “build-
ing blocks” morphology. After coating with a PDMS polymer grafted with azobenzene
moieties, the substrates displayed switchable wettability from superhydrophobic (low adhe-
sion: 6.2 μN for the trans isomer) to parahydrophobic (high adhesion: 44.8 μN for the cis
isomer) properties after UV irradiation [135].

Diarylethene derivatives were found to be another excellent choice for light-sensitive switch-
able wettability (Figure 11). In this case, the light induces a change in the chemical structure
from open-ring isomer to closed ring isomer. Uchida et al. reported the unique behavior of this
molecule. Upon UV light irradiation, the film became superhydrophobic with θw = 163� due to
the formation of microfibrils of diameter around 1 μm [136, 137]. Upon visible light irradiation,
the surface again became flat with θw = 120�. The chemical structure of the diarylethene can
also be changed in order to modify the microcrystalline structures. For example, the surface
morphology could be modified by sulfonation of the thiophene rings [138].

Different substituents were also introduced to change the material crystallinity [139–141]. The
authors demonstrated that in order to obtain superhydrophobic properties with θw > 170�, it is
preferable to form densely submicrometer sized needle-shaped crystals [139]. For that, it is
important that the eutectic temperature of the two isomers of the diarylethene is above that the
temperature of formation. Otherwise, large crystals are formed (Figure 12).

Figure 11. Reversible change of diarylethene from smooth open-ring isomer to microfibers of closed ring isomer upon UV
light irradiation. Ref. [138], Copyright 2011. Reprinted with permission from American Chemical Society, USA.
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Spiropyran is another kind of photochromic organic moiety with wetting properties sensitive
to light. Its closed form is apolar and hydrophobic, whereas its open form is polar and
hydrophilic (Figure 13). These two forms can be reversely switched by UV and visible light
irradiation [142–144].

In order to obtain superhydrophobic, spiropyran-based molecules can be deposited on rough
surface [145–148]. For example, the deposition on Si nanograss gave rise to superhydrophobic
properties. Moreover, the authors observed a change from superhydrophobic (low adhesion)
to parahydrophobic (high adhesion) properties upon UV light irradiation [145]. Smirnov et al.
also reported the possible control of water into a nanoporous aluminummembrane containing
a spiropyran moiety using light [147]. Here, the photosensitive membrane acts as a burst valve,
allowing the transport of water and ions across the membrane. Lu et al. also reported the
formation of melamine-formaldehyde sponge with spiropyran moiety for oil recovery. The
sponge was able to control oil absorption and desorption under light illumination [148].

Coumarin was also used in the literature to change the surface wettability. Here, the UV light
induces the dimerization of coumarin as shown in Figure 14. Hampp et al. deposited a self-
assembled monolayer (SAM) with coumarin moieties [149]. They observed a change of θw

from 70 to 55�. Xu et al. grafted coumarin on SiO2 nanoparticles [150]. The authors observed in
a change of the surface morphology from random nanoparticle aggregates to rings accompa-
nied with a change of θw from 102 to 163�.

Figure 12. Influence of the eutectic temperature of the diarylethene-type molecule of the parameters of the formed
crystals. Ref. [139], Copyright 2012. Reprinted with permission from American Chemical Society, USA.

Figure 13. Reversible change in the form of spiropyran upon UV light and visible light irradiation. Ref. [142], Copyright
2002. Reprinted with permission from American Chemical Society, USA.
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3.2. Temperature

The reversibility of surface wettability by thermal treatment has given rise to a huge interest
during the last years [151, 152]. Poly(N-isopropylacrylamide) (PNIPAAm) has been extensively
used as an example polymer with thermal response, which has a low critical solution tempera-
ture (LCST) of around 32–33�C [151]. On smooth substrate, the θw of modified PNNIPAAm can
changed from hydrophilic to hydrophobic when the temperature is over LCST, resulting from
competition between intra- and intermolecular interactions, as shown in Figure 15.

By grafting the polymer on rough silicon surface obtained by etching, the surface wettability
could be changed from superhydrophilic to superhydrophobic with θw = 149.3� when the

Figure 14. Reversible change of coumarin from aggregates of monomers to rings of dimers upon UV light and visible
light irradiation. Ref. [150], Copyright 2012. Reprinted with permission from Royal Society of Chemistry, United King-
dom.

Figure 15. Influence of heating on the intra- and intermolecular interactions in PNNIPAAm and the resulting surface
hydrophobicity [151].
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temperature changed from 25 to 40�C. Other works also reported this possibility using differ-
ent strategies [153–156].

PNIPAAm/PS and PNIPAAm/poly(L-lactide) (PLLA) nanocomposites were also produced by
electrospinning [157, 158]. Depending on the concentration of the constituents, the surface
morphology could be changed from beads to long nanofibers. At high concentration of
PNIPAAm, the surface could change from superhydrophilic to superhydrophobic when the
temperature changed from 20 to 50�C. It was also shown that the response time to switch is
depending on the size of the fibers [159]. When the diameter of the fiber was small (around
380–1500 nm), the response time was 4–5 s [160]. Other nanocomposites were also reported
with this technique. PNIPAAm/PS blends were used to obtain densely packed nanocupules of
284 nm diameter and 31 nm wall thickness using an anodized aluminum oxide (AAO) tem-
plate (Figure 16) [161]. Here, the surface could switch by changing the temperature from
parahydrophobic (high adhesion) to superhydrophobic (low adhesion) with a difference in
adhesion force of around 20 μN.

PNIPAAm was also polymerized on an elastic polyurethane (PU) microfibrous membrane by
free radical polymerization [162]. The membrane could be used for controllable oil/water
separation. At 25�C, the membrane was underwater superoleophobic, while at 45�C the mem-
brane was underwater superoleophilic (Figure 17).

Xin et al. reported the preparation of PNIPAAm-cotton fabrics able to collect different amount
of water from fog [163]. At room temperature, the cotton showed a water uptake of 340%,
while at 40�C the uptake was only 24%. Such materials are extremely interesting for water
harvesting systems. Microfluidic thermosensitive valves were also prepared [164, 165]. After
coating with PNIPAAm, the valve was hydrophilic at room temperature and allowed the flow
(opening status), while at 70�C, the valve was superhydrophobic and stopped the water flow

Figure 16. Densely packed PNIPAAm/PS blends nanocupules with reversible change from superhydrophobic (low
adhesion) to parahydrophobic (high adhesion) by heating and cooling. Ref. [161], Copyright 2014. Reprinted with
permission from Royal Society of Chemistry, United Kingdom.
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(closing status). Using a similar idea, an “ON-OFF” switchable enzymatic biofuel cell was
reported [166]. Here, gold nanoparticles protected glucose oxidase and laccase were entrapped
into PNIPAAm chains. At room temperature, the fuels and the mediator could access to the
catalytic centers of enzymes (“ON” state), while at 50�C the process of reactant transmission
was blocked (“OFF” state).

Poly(ε-caprolactone) (PCL) was also tested as a thermosensitive polymer with a transition from
crystalline phase to amorphous phase (Figure 18) [167]. Jiang et al. showed that PCL10000 is an
ideal material. For a smooth surface, θw of PCL10000 was 88.1�C at room temperature because the
polymer chains are frozen by crystallization. However, at 60�C, θwwas 60.8�C because water can
induce the reorientation of the hydrophobic/hydrophilic groups. Moreover, by depositing this
polymer rough substrate composed of arrays of square pillars (10 μm � 10 μm in width, 30 μm
in height), a change from superhydrophobic to superhydrophilic was observed after heat treat-
ment. The highest properties were obtained groove spacing of 40 μm.

SiO2 and carbon nanotube/PCL nanocomposites were also used in the literature [168, 169]. For
example, using carbon nanotubes, it was reported the possibility to switch from hydrophobic
to hydrophilic or from superhydrophobic (low water adhesion) to parahydrophobic (high
water adhesion), dependent on PCL concentration.

Liquid crystalline polymers also showed thermosensitivity when the temperature induces a revers-
ible change from liquid crystalline to isotrope. After grafting liquid crystalline segments (butyl-oxy
biphenylcarbonitrile) on a smooth PDMS elastomer, the authors observed a change of θw from 92.4
to 89.3� due to a change of the polymer from smectic A to isotrope [170]. The same polymer was
also used to cover rough substrates composed of arrays of square pillars (10 μm� 10 μm in width,

Figure 17. PU membrane grafted with PNIPAAm to induce reversible change from underwater superoleophobic to
underwater oleophilic by heating and cooling. Ref. [162], Copyright 2016. Reprinted with permission from American
Chemical Society, USA.
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30 μm in height). A huge influence of the groove spacing was observed. Interestingly, a change
from superhydrophobic (low water adhesion) to parahydrophobic (high water adhesion) was
observed for a groove spacing of 15 μm. Liquid crystalline elastomers were also prepared using a
side-on liquid crystalline monomer 400-acryloyloxybutyl 2,5-di(40-butyloxybenzoyloxy)benzoate
[171]. Here, a change from nematic to isotrope was observed at a temperature up to 70�C
depending on the used polymer. By depositing the polymer on a smooth substrate, a change in
θw of only 3� was observed, while by depositing rough substrates composed of arrays of cylindri-
cal pillars (3 μm in diameter, 6 μm in height, 1.5 μm in spacing), a change from 127 to 86� was
measured.

Various inorganic materials also showed thermal response. Shirtcliffe et al. studied the wetta-
bility of porous SiO2 foams obtained by sol-gel from methyltriethoxysilane (MTEOS) [172,
173]. The resulting materials displayed switchable wettability from superhydrophobic to
superhydrophilic (Cassie-Baxter-to-Wenzel transition) when they are heated at 400�C. To
become hydrophilic, the surface must become more polar. The authors think that this could
occur by the formation of new groups or by a change in the relative abundances of apolar
methyl groups and polar silica species. Sol-gel foams were also prepared using varying pro-
portions of phenyltriethoxysilane (PhTEOS) and TEOS. The temperatures at which switching
occurred were increased when larger fractions of PhTEOS and reversely. SiO2 suspensions,
made from SiO2 nanoparticles hydrophobically modified with chlorotrimethylsilane and
PDMS vinyl terminated, were deposited by spraying [174]. The resulting substrate could
reversely switch from superhydrophobic to hydrophobic after cooling at very low temperature
(�15�C). Here, the authors attributed this possibility to water vapor condensation on the
surface. When the subfreezing film was placed in ambient environment, the humidity in the
air condensed to the subfreezing surfaces and increased the surface hydrophilicity. Otherwise,
inorganic materials could also be coated using a hydrophobic material in order to achieve
superhydrophobic properties [175–179]. Here, the heat treatment could induce the desorption

Figure 18. Influence of heating on the phase transition from crystalline to amorphous of PCL10000 and the resulting
surface hydrophobicity. Ref. [167], Copyright 2008. Reprinted with permission from Royal Society of Chemistry, United
Kingdom.
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Figure 17. PU membrane grafted with PNIPAAm to induce reversible change from underwater superoleophobic to
underwater oleophilic by heating and cooling. Ref. [162], Copyright 2016. Reprinted with permission from American
Chemical Society, USA.
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[171]. Here, a change from nematic to isotrope was observed at a temperature up to 70�C
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air condensed to the subfreezing surfaces and increased the surface hydrophilicity. Otherwise,
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Figure 18. Influence of heating on the phase transition from crystalline to amorphous of PCL10000 and the resulting
surface hydrophobicity. Ref. [167], Copyright 2008. Reprinted with permission from Royal Society of Chemistry, United
Kingdom.
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of the hydrophobic material and switch the surface from superhydrophobic to superhydrophilic.
However, these kind of materials are reversible but only after surface remodification with the
hydrophobic material.

3.3. pH

Materials containing functional acid or basic groups such as amines or carboxylic acids can
be used to induce switchable properties by pH changing [180, 181]. For example, at low pH,
the COOH group is protonated, while at high, pH it is deprotonated (COO�) with a much
higher hydrophilicity [182]. Zhang et al. modified rough gold substrates with micro/
nanostructures by self-assembly of different thiols. They used the dendron thiol 2-(11-
mercaptoundecanamido)benzoic acid (MUABA) [183] or mixed solution of HS(CH2)9CH3

and HS(CH2)10COOH [184].

Depending on the surface roughness and the pH, it was possible to obtain switchable surface
from superhydrophobic to superhydrophilic. Using mixed solution of HS(CH2)9CH3 and HS
(CH2)10COOH, the wetting properties were highly dependent on the percentage of each
constituent [185, 186]. Using 40 mol% of HS(CH2)10COOH, the surface could change from
superhydrophobic (θw = 154�) to superhydrophilic (θw ≈ 0�) as the pH increases.

Mixed solution of HS(CH2)9CH3 and HS(CH2)10COOH was also used on rough mesh sub-
strates [187–191]. Cu(OH)2 nanoneedles were grown on copper meshes by anodization in
KOH solution or by immersion in (NH4)2S2O8 and NaOH (Figure 19) [187–189]. After
surface modification with mixed solution of HS(CH2)9CH3 and HS(CH2)10COOH, the best
properties were obtained with 60 mol% of HS(CH2)10COOH. The best properties were also
obtained for a mesh pore size of 58 μm. Indeed, the authors showed that the pressure that
the meshes can support is depending on the mesh geometry and pore size, formation of
surface structures on the meshes (nanoneedles) and the surface energy, which here changes
with the pH [187–190]. For acidic and neutral water, the meshes were superhydrophobic
and underwater superoleophilic. For basic water, the meshes were superhydrophilic and
underwater superoleophobic. Here, both the immiscible oil/water mixture and oil-in-water
emulsions could be separated on-demand through changing the water pH and with high
efficiency and high flux. pH-responsive fabrics were also reported after growth of Ag
structures and surface modification with mixed solution of HS(CH2)9CH3 and HS
(CH2)10COOH [192].

The change of wettability of DNA nanodevices was also studied [193]. DNA molecules mod-
ified with fluorinated hydrophobic groups were fixed to gold substrates by SAM. The confor-
mation of the DNA molecules on the substrate could change with the pH. The substrate was
superhydrophilic at low pH and superhydrophobic at high pH.

Various polymers with pH-sensitive groups were also used in the literature. Polymers with
carboxylic groups were reported [194–199]. In 2006, Jiang et al. deposited colloidal crystal
films made of poly-(styrene-methyl methacrylate-acrylic acid) via a batch emulsion poly-
merization in the presence of sodium dodecylbenzenesulfonate (SDBS) (Figure 20) [194]. At
pH 6, the carboxylic groups are in the protonated state (COOH), which could do hydrogen
bonds with the SO3

� groups of SDBS. As a consequence, the hydrophobic tails of the SDBS
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are spread toward air and the surface was superhydrophobic (θw = 150.4�). At high pH
(pH = 12), the COOH groups are deprotonated (COO�) suppressing the hydrogen bonds.
Here, the surface was superhydrophilic due to the presence of both COO� and SO3

�.

Figure 19. Cu(OH)2 nanoneedles grown on copper steel meshes. The resulting meshes could switch from superhydrophobic
and underwater superoleophilic to superhydrophilic and underwater superoleophobic by changing the pH. Ref. [188],
Copyright 2015. Reprinted with permission from American Chemical Society, USA.

Figure 20. Reversible change from superhydrophobic to superhydrophilic of colloidal crystals (Panels A–D) made of
polymers with COOH groups as a function of the pH (Figure on the right). Ref. [194], Copyright 2006. Reprinted with
permission from American Chemical Society, USA.
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films made of poly-(styrene-methyl methacrylate-acrylic acid) via a batch emulsion poly-
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Orthophosphoric acids (ROPO3H2) were also studied. These acids are diacids with a pKa1
between 1 and 2 and a pKa2 between 6 and 7 (Figure 21). Three different acids are present
dependent on the pH [200–202]. Poly(methacryloyl ethylene phosphate) (PMEP) brushes were
used. At pH > 8, the phosphate groups are deprotonated and the electrostatic repulsions
between the charged polymer chains led to a swollen state with high hydrophobicity, while at
pH < 2, the brushes are protonated and in a collapsed state.

In order to induce basicity, amino groups were also highly used in the literature using different
strategies [203–205]. Liu et al. used a triblock copolymer: one block with a hydrophobic group,
one block with a pH-sensitive amino group and another one with a functional group for
grafting on SiO2 nanoparticles [203]. The material could be dip-coated on different substrates
such as cotton fabric, filter paper and PU foam and could be used for pH-responsive oil/water
separation membranes. Among the basic groups, pyridine was also reported. Wang et al.
reported the grafting of block copolymer brushes of poly(4-vinylpyridine-block-dimethyl-
siloxane) (P4PV-b-PDMS) on SiO2 nanoparticles [206]. After casting the suspension particles
on non-woven cellulose textiles and PU sponges, the resulting materials displayed
superhydrophobic and underwater superoleophilic properties at pH 6.5, and superhydrophilic
and underwater superoleophobic properties at pH 2.0. Such materials could also be used for
controlling the separation of oil/water mixtures by changing the pH. Graphene foams with
switchable oil wettability were also reported by grafting block copolymer brushes of poly(2-
vinylpyridine-block-hexadecyl acrylate) (P2PV-b-PHA) [207]. By contrast, other authors chose
to graft the polymer directly on substrates [208, 209].

Luo et al. also reported the fabrication of fiber membrane by electrospinning of the block
copolymer poly(4-vinylpyridine-block-methyl methacrylate) (P4PV-b-PMMA) on stainless steel
meshes (Figure 22) [210]. Using oil/water mixtures, oils can selectively pass through the mem-
brane at pH 3, while at pH 7, water pass selectively. Finally, other authors used block copolymers
with both acid and amino groups [211, 212]. For example, Zhou et al. showed that using these
kind of polymers it is possible to control the slip length of fluids by changing the pH.

3.4. Voltage

The best advantage of using electrical sensitivity as extern stimulus is the rapidity of imple-
mentation [213, 214]. Among the most used materials, conducting polymers are extremely
interesting because they can exist in different doping states. The neutral dedoped state is
uncharged, while the doped states are charged (Figure 23). Moreover, in their doped states,
conducting polymers incorporated doping agents (most of the time counter-anions) in order to
neutralize the charges present inside the polymer backbone.

Figure 21. Different species present using orthophosphoric acids as a function of the pH. Ref. [202], Copyright 2005.
Reprinted with permission from Royal Society of Chemistry, United Kingdom.
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For example, smooth poly(3-alkylthiophene) films prepared by spin coatingwere studied (Figure 24)
[215]. In their doping state, different anions (Cl�, NO3

�, PO4
3�, CO3

2� and SO4
2�) were introduced.

The authors observed that all the anions induced a decrease of θw. The highest decrease (from 105.9
to 76.7�) was observedwith SO4

2� anions. In order to enhance thewettability difference between the
reduced and the oxidized state, the authors also deposited micro-patterned substrates. Then, they
observed a much higher decrease from 147.4 to 62.2�.

Figure 22. Preparation of pH-induced oil permeation membranes by electrospinning of P4PV-b-PMMA. Ref. [210],
Copyright 2015. Reprinted with permission from American Chemical Society, USA.

Figure 23. Reversible change in the doping state of conducting polymers by oxidation and reduction [163].
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Figure 23. Reversible change in the doping state of conducting polymers by oxidation and reduction [163].
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Otherwise, various other techniques can be used to prepare structured conducting polymer
films. Among them, using an electrochemical cell, the electropolymerization allows in one step
having polymerization, deposition of conducting polymer film and obtaining of structured
films. The surface structures are highly dependent on electrochemical parameters (deposition
method, time, solvent, electrolyte…) and on the monomer used [216–222]. For example,
superhydrophobic rough polypyrrole films were reported by electropolymerization of pyrrole
by galvanostatic deposition (constant current of 0.25 mA cm�2) in the presence of highly hydro-
phobic perfluorooctanesulfonate (C8F17SO3

�) doping ions and also FeCl3 in order to induce by
polymerization and electropolymerization [162]. Here, the surface structures consisted in submi-
cron particles (1–3 μm) forming a porous film. The surface could easily and reversibly switch
from superhydrophobic to superhydrophilic by oxidation/reduction using different voltages.
Moreover, Chang et al. reported a faster electrical process (3 s) and also eliminated the need to
immerse the substrate within an electrolyte [165]. Jiang et al. also reported that the oil adhesion
can also be controlled during the doping/dedoping process [222].

Other monomers were also studied [223–228]. Yan et al. reported the use of aniline to produce
helical polyaniline fibers in aqueous electrolyte and in the presence of perfluorooctanesulfonic
acid by galvanostatic deposition (constant current of 0.2 mA cm�2) [223]. Polyaniline is an
interesting polymer because different chemical forms can be produced also depending on the
pH. In the presence of tetraethylammonium perfluorooctanesulfonate, the authors reported
the possible switching from superhydrophobic (emeraldine salt form) to superhydrophilic
(leucoemeraldine base form) by changing the voltage. Poly(3,4-ethylenedioxythiophene)
(PEDOT) was also used (Figure 25) [224]. Here, two different fluorinated electrolytes were
chosen: tetrabutylammonium nonafluorobutanesulfonate (Bu4NC4F9SO3) and tetrabuty-
lammonium heptadecafluorooctanesulfonate (Bu4NC8F17SO3). Their electropolymerization
was performed in acetonitrile and at constant potential. Porous films were obtained and the
surface morphology was highly dependent on the electrolyte. Superhydrophobic properties
were obtained with Bu4NC8F17SO3 and using a deposition charge (Qs) of 300 mC cm�2 [226,
227]. Lu prepared first a porous PEDOT film on which a second was electrodeposited by cyclic

Figure 24. Influence of doping anions in the surface hydrophobicity of smooth poly(3-alkylthiophene). Ref. [215], Copy-
right 2009. Reprinted with permission from American Chemical Society, USA.
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voltammetry. Using poly(3-methylthiophene), a switchable and reversible surface from
superhydrophobic to superhydrophilic was obtained after doping/dedoping in the presence of
ClO4

� anions [170]. By contrast, using poly(3-hexylthiophene), the surface could switch from
superhydrophobic to parahydrophobic (high water adhesion) [227]. The surfaces could also
induce switchable cell adsorption [228].

Advincula created first polystyrene colloidal crystals in hexagonal packing, on which a
polythiophene film with short alkyl chains was electrodeposited by cyclic voltammetry [229].
The surface could switch from superhydrophobic to highly hydrophilic. Here also, the protein
and bacterial cell adsorption could also be switched at the same time [230].

Otherwise, different strategies were employed to create nanostructured conducting polymers
in solution. For that, polyaniline is a choice material due to the presence of amine groups that
allow to induce self-assembly by hydrogen bonds [231–237]. Jiang et al. reported the polymer-
ization in-situ on fabrics in the presence of perfluorosebacic acid (HOOC-C8F16-COOH) and
FeCl3, as dopant and oxidant, respectively [232]. Nanoparticles were formed on the fabrics.
The resulting fabrics could switch from superhydrophobic to superhydrophilic by doping/
dedoping while the dedoping could be performed in the presence of NH3 gas. Fabrics with
switchable wettability from superoleophobic to superoleophilic were also reported using
perfluorooctanoic acid [233, 234]. In order to prepare membranes with selective responsivity
for oil/water separation, stainless steel meshes were coated with root-like polyaniline
nanofibers fabricated by emulsion polymerization [235]. The meshes could switch from
superhydrophobic to superhydrophilic at different voltages.

Metal ions and organic molecules sensitive to redox reactions can also be used to switch the
surface wettability by voltage [238, 239]. For example, Ag + �biphenyldithiol (BPDT) SAMS
could be converted to Ag0-BPDT by applying a difference potential [238]. Ferricyanide ([Fe
(CN)6]

3�) could also be converted into [Fe(CN)6]
4� [240]. Huck et al. showed that polycationic

[2-(methacryloyloxy)-trimethylammonium chloride] (PMETAC) brushes coordinated to [Fe
(CN)6]

3� had θw = 41–44� while the brushes coordinated to [Fe(CN)6]
4� had θw = 26–27� [241].

The reorientation of polyelectrolyte conformation is another phenomenon induced by electric
potential [242, 243]. Choi et al. observed that a SAM of (16-mercapto)hexadecanoic acid

Figure 25. Rough PEDOT substrates obtained in the presence of (a) Bu4NC4F9SO3 and (b) Bu4NC8F17SO3 [224].
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[2-(methacryloyloxy)-trimethylammonium chloride] (PMETAC) brushes coordinated to [Fe
(CN)6]

3� had θw = 41–44� while the brushes coordinated to [Fe(CN)6]
4� had θw = 26–27� [241].

The reorientation of polyelectrolyte conformation is another phenomenon induced by electric
potential [242, 243]. Choi et al. observed that a SAM of (16-mercapto)hexadecanoic acid

Figure 25. Rough PEDOT substrates obtained in the presence of (a) Bu4NC4F9SO3 and (b) Bu4NC8F17SO3 [224].
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(MHA) deposited on a gold substrate could undergo a transition from a straight conformation
to a curved one by applying an electric potential. The molecules in the straight conformation
are hydrophilic due to the presence of carboxylate ions and that in the curved conformation
are hydrophobic due to the presence of the hydrophobic chains.

Electrowetting is another method allowing the control of the surface wettability by applying
an extern electric field. In this process, a water droplet is placed on a superhydrophobic
surfaces coated with an insulating layer. The applying of the electric field induces an accumu-
lation of charges and decreases the solid-liquid interface (γSL) and as a consequence the surface
hydrophobicity, as shown in Figure 26 [244, 245].

In 2004, Krupenkin et al. studied the electrowetting of superhydrophobic substrates prepared
by modifying nanostructured silicon substrates with a low surface energy material [246].
After electrowetting, they could change the surface wettability from superhydrophobic to
superhydrophilic. Vertically aligned superhydrophobic carbon nanofibers and ZnO nanorods

Figure 26. Schematic representation of electrowetting experiment. Ref. [244], Copyright 2003. Reprinted with permission
from American Chemical Society, USA.

Figure 27. Relationship between the resistance to drop impact impalement and electrowetting impalement using silicon
nanowires with double nanotextures. Ref. [254], Copyright 2008. Reprinted with permission from American Chemical
Society, USA.
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were also highly used in the literature to induce a switch from superhydrophobic to hydro-
philic or superhydrophilic [247–251]. Boukherroub et al. reported the possible obtaining of
reversible electrowetting on silicon nanowires with double nanotextures (length of 10 and
30 μm) [252–255]. They found a relationship between the resistance to drop impact impale-
ment and electrowetting impalement (Figure 27) [254]. The thresholds for drop impact and
electrowetting irreversibility increase and the contact angle hysteresis decrease when the
length and the density of nanowires increase. Other mechanisms for reversible electrowetting
were also reported in the literature [256, 257]. Otherwise, electrowetting could also be used to
control protein adsorption or for accelerating reaction by mixing liquid droplets [258, 259].
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Abstract

In this book chapter, most of the methods used in the literature to prepare switchable 
and reversible superhydrophobic surfaces are described. Inspired by Nature, it is pos-
sible to induce the Cassie-Baxter-Wenzel transition using different external stimuli such 
as light, temperature, pH, ion exchange, voltage, magnetic field, mechanic stress, plasma, 
ultrasonication, solvent, gas or guest. Such properties are extremely important for various 
applications but especially for controllable oil/water separation membranes, oil-absorbing 
materials, and water harvesting systems.
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1. Reversible superhydrophobic surfaces: Part two

This section provides continuation of the description of the stimuli used in the literature to 
induce reversible changes in surface wettability.

1.1. Ion exchange

Since 2004, the researchers have shown that the presence of charged species such as quater-
nary ammonium groups are sensitive to ion exchange and lead to different surface wettabili-
ties. In 2004, Choi et al. prepared self-assembled monolayers (SAM) with imidazolium groups 
on smooth Au and Si/SiO2 substrates [1–3]. They studied the effect of a series of anions as 
shown in Figure 1 and they found that the surface hydrophobicity increases like this: Br−>BF4

− 
>PF6

−>NO3
−>ClO4

−>TfO−>Tf2N−. Hence, Br− ions led to the highest surface hydrophilicity and 
Tf2N− the highest hydrophobicity.

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The substituent has also an important influence on the surface wettability [3, 4]. For example, 
using a long substituent with 1-octyl-3-methylimidazolium ([omim]), θw was 68, 72, and 75° 
for Br−, BF4

− et Tf2N−, respectively while with 1-benzyl-3-methylimidazolium ([bmim]) θw did 
not change because the anions are absent in [bmim] aggregation. Similarly, for compounds 
such as 1-alkyl-3-(3-triethoxysilylpropyl)imidazolium ([C1tespim]) (Figure 1), θw was 24, 30, 
and 42° for Cl−, BF4

− et PF6
−, respectively while with ([C4tespim]) θw did not change. Moreover, 

the cation nature has also an influence on the surface hydrophobicity [3].

In order to elaborate reversible superhydrophobic properties by ion exchange, gold micro 
and nanostructured substrates were performed by electroless etching process by immersing 
silicon substrates in aqueous solution of HAuCl4 and HF (Figure 2). The surface was then 
modified by SAM using a thiol terminated by a quaternary ammonium. Then, the surface 
wettability could be reversely changed from superhydrophilic to superhydrophobic after 
exchanging Cl− ions by perfluorooctanoate (C7F15COO− or PFO−) ions [4].

Moreover, polymers with charged species such as polyelectrolytes were also used to change the 
surface wettability [5–15]. For example, [PVBIm][PF6] ([1-(4-vinylbenzyle)-3-butylimidazolium 
hexafluorophosphate]) brushes were grafted on a silicon wafer by atom transfer radical polym-
erization (ATRP). The surface properties could be changed from hydrophobic (θw = 95°) to 
hydrophilic (θw = 41°) after exchanging PF6

− ions by Cl− ions. The wettability of polyelectrolyte 

Figure 1. Grafting of monolayers on smooth gold substrates with imidazolium groups with sensitivity to ion exchange 
and surfaced hydrophobicity as a function of the ion-exchanged. Ref. [1], Copyright 2004. Reprinted with permission 
from American Chemical Society, USA.

Figure 2. Grafting of ion-sensitive molecules on rough gold substrates. Ref. [4], Copyright 2016. Reprinted with 
permission from American Chemical Society, USA.
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brushes could be modified with appropriate counter-ions [12–15] using poly(2-methacryl poly 
oxyethyl trimethylammonium chloride) (PMETAC) and poly(2-dimethylaminoethyl methacry-
late chloride) (PDMAEMAC).

Superhydrophobic properties could be reached by grafting PMETAC on gold micro and 
nanostructured substrates by ATRP [16]. Then, reversible and switchable properties from 
superhydrophobic to superhydrophilic were obtained after exchanging Tf2N− ions by SCN− 
ions. PMETAC were also grafted onto the surface of multiwalled carbon nanotubes [17]. Their 
surface properties could be reversely changed from superhydrophobic/highly oleophobic to 
superhydrophilic/superoleophobic after exchanging PFO− ions by SCN− ions. PMETAC was 
also grafted on cotton fabrics leading to similar properties [18]. Zhang et al. fabricated first 
silicone nanofilaments and modified them by P(METAC-co-trifluoroethyl methacrylate) to the 
obtained reversible surface [19].

Cho et al. developed a multifunctional polyelectrolyte membranes by electrospinning of 
P(METAC-co-[trimethoxysilyl]propylmethacrylate) (PMETAC-co-TSPM) [20]. Here, the pres-
ence of TSPM (sol-gel precursor) was used not only to form a polymer network via intramo-
lecular interactions but also to anchor substrates (Figure 3). The membranes could reversely 
change from superhydrophobic/highly oleophobic to superhydrophilic/superoleophobic 
after exchanging Cl− ions by heptadecafluorooctanesulfonic acid (C8F17SO3

− or HPS−) ions. 
Moreover, the membranes were also highly efficient filter medium for removing multiple 
contaminants such as SO2 form waster gas streams. Another strategy was to deposit polyelec-
trolyte multilayers poly(diallyldimethylammonium chloride (PDDA) and poly(sodium 4-sty-
renesulfonate) (PSS) on gold micro and nanostructured substrates [21]. The authors studied 
the influence of the exchanged ions and the highest properties were obtained by exchang-
ing Cl− (θw < 5°) ions by PFO− (θw = 164°). The authors also deposited polyelectrolyte multi-
layers on micro and nanostructured aluminum substrates obtained by etching in HCl and 
immersion in boiling water [22, 23]. Using PFO− ions, the substrates were superhydrophobic 
and superoleophobic. When the substrates were immersed in seawater, the PFO− ions were 
exchanged by hydrophilic Cl− or SO4

2− making the substrates underwater superoleophobic.

1.2. Magnetic field

Environment protection against oil leakage during oil tankers sinking is a major global prob-
lem. Finding new materials to separate oil/water mixtures is hence extremely important 
[24–26]. Athanassiou et al. reported the formation of a novel composite material based on 
polyurethane (PU) foams functionalized with colloidal superparamagnetic iron oxide (spi-
nel-cubic γ-Fe2O3/Fe3O4) nanoparticles and submicrometer PTFE particles [27]. The resulting 
foams could efficiently separate oil from water. The combination of the functionalization of 
the PTFE-treated foam surfaces with colloidal iron oxide nanoparticles significantly increased 
the speed of oil absorption. The foams were also magnetically responsive because they could 
be magnetically actuated. Durable and magnetic PU sponges were also reported by CVD of 
tetraethoxysilane (TEOS) to bind Fe3O4 nanoparticles [28]. The sponges exhibited fast mag-
netic responsivity with a saturation magnetization of 22.73 emu/g and can be easily manipu-
lated with a magnet. The sponges were also superhydrophobic and superoleophilic, quickly 
absorbed floating oils on the water surface and also displayed high mechanical properties.
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after exchanging Cl− ions by heptadecafluorooctanesulfonic acid (C8F17SO3
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Moreover, the membranes were also highly efficient filter medium for removing multiple 
contaminants such as SO2 form waster gas streams. Another strategy was to deposit polyelec-
trolyte multilayers poly(diallyldimethylammonium chloride (PDDA) and poly(sodium 4-sty-
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layers on micro and nanostructured aluminum substrates obtained by etching in HCl and 
immersion in boiling water [22, 23]. Using PFO− ions, the substrates were superhydrophobic 
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Environment protection against oil leakage during oil tankers sinking is a major global prob-
lem. Finding new materials to separate oil/water mixtures is hence extremely important 
[24–26]. Athanassiou et al. reported the formation of a novel composite material based on 
polyurethane (PU) foams functionalized with colloidal superparamagnetic iron oxide (spi-
nel-cubic γ-Fe2O3/Fe3O4) nanoparticles and submicrometer PTFE particles [27]. The resulting 
foams could efficiently separate oil from water. The combination of the functionalization of 
the PTFE-treated foam surfaces with colloidal iron oxide nanoparticles significantly increased 
the speed of oil absorption. The foams were also magnetically responsive because they could 
be magnetically actuated. Durable and magnetic PU sponges were also reported by CVD of 
tetraethoxysilane (TEOS) to bind Fe3O4 nanoparticles [28]. The sponges exhibited fast mag-
netic responsivity with a saturation magnetization of 22.73 emu/g and can be easily manipu-
lated with a magnet. The sponges were also superhydrophobic and superoleophilic, quickly 
absorbed floating oils on the water surface and also displayed high mechanical properties.
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Other materials were also used in the literature [29–35]. Inspired by marine mussel adhesive, 
Jiang et al. used dopamine to link Fe3O4 nanoparticles on electrospun PVDF [29]. After fluori-
nation, the materials displayed oil adsorption properties and could move towards a magnet. 
Using magnetically responsive mesh substrates, micro-robots were fabricated (Figure 4) [30]. 
The meshes could float and move on air/water and oil/water interfaces and could be guided 
by a magnetic field.

Zhang et al. reported superamphiphobic elastic and magnetic silicone sponges with excellent 
thermal stability [31]. Their sponges were prepared by hydrolytic condensation of methyl-
trimethoxysilane, dimethoxydimethylsilane in the presence of Fe3O4@SiO2 nanoparticles and 
finally fluorinated. Superhydrophobic and magnetic quartz fibers were also reported by load-
ing in cobalt and modification with PDMS [32].

Another potential application of magnetically responsive materials is the control of liquid 
moving using a magnet [36]. Randomly oriented hierarchical arrays with control geometries 
(diameter, height, and density) could be prepared by the mouldless self-assembly of solutions  

Figure 3. Membranes sensitivity to ion exchange prepared by electrospinning of PMETAC-co-TSPM. The resulting 
membranes could switch from superhydrophobic/highly oleophobic to superhydrophilic/superoleophobic by changing 
the counter-ions. Ref. [20], copyright 2012. Reprinted with permission from Royal Society of Chemistry, United Kingdom.
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comprising procured polymers and magnetic particles under a magnetic field. With their 
actuating and superhydrophobic properties, these flexible films enabled active, fast, precise, 
and reversible manipulation of droplets with the use of a magnet.

Moreover, using superparamagnetic droplets on a magnetic superhydrophobic film, it was 
also shown to switch from superhydrophobic (low adhesion) to parahydrophobic (high adhe-
sion) properties after magnetization/demagnetization [37]. It is also possible to control the 
speed, the shape, and the self-assembly of magnetic droplets on the superhydrophobic sur-
face by modulating the magnetic field (Figure 5) [38, 39].

Figure 4. Fabrication of micro-robots using magnetically responsive mesh substrates and Fe3O4 nanoparticles. Ref. [30], 
Copyright 2015. Reprinted with permission from Royal Society of Chemistry, United Kingdom.
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1.3. Mechanical stress

Most of the time, reversible switchable wettability is governed by the change in the surface 
chemistry (surface energy). However, the use of mechanical strains is a very interesting way 
to control the surface wettability by modifying the surface roughness. In 2004, Zhang et al. 
showed that the hydrophobicity of PTFE can reversely change from 108 to 165° as the mate-
rial is extended to 190% [40]. This was attributed to an increase in the distance between the 
fibrous PTFE crystals. They also described a novel method to reversibly change the wettability 
(from superhydrophilic to superhydrophobic) of a polyamide film with a triangular net-like 
structure upon biaxial extension and unloading [41]. The average side-length of the triangular 
structures was around 200 μm before extension and the surface was superhydrophobic, and 
450 μm and superhydrophilic after extension. The phenomena could be repeated around 20 
times because the film had a good elasticity.

Using a flexible PDMS with micropillar arrays, it was reported the feasibility to drastic change 
the surface wettability by simple modification of the substrate curvature (Figure 6) [42, 43]. 
When the substrate was not incurved it was parahydrophobic (high water adhesion) while it 
became superhydrophobic after curvature become the curvature could induce air injection into 
the pillar arrays. This easy and reversible process could be used in microfluidic devices [42–45].

To obtain micro and nanostructures on PDMS, Singh et al. deposited Ag nanorods arrays using 
oblique angle deposition on prestretched PDMS (Figure 7) [46]. The substrates displayed both 
microbuckles/wrinkles and nanorods. Superhydrophobic properties with θw = 154.8° under 
30% prestretching, which is due to optimal amplitude and periodicity of the wrinkles. The 
substrates also displayed anisotropic wetting and water droplets could move only along the 
direction parallel to the wrinkles. Reversible contact angles from 154.8 to 126.2° were also 
reported by simple stretching/relaxation cycles because the stretching changes the dimen-
sions of the microstructures. Yang et al. also reported the properties of PDMS elastomers with 
microscale ripples and SiO2 nanoparticles, allowing to reach anisotropic superhydrophobic 
properties [47]. The surface properties were dependent on the ripple amplitude and periodic-
ity and also on the surface chemistry. Here, the sliding angle could also reversibly be tuned 
with external strains and with fast response.

Figure 5. Modification of the speed, the shape and the self-assembly of magnetic droplets on the superhydrophobic 
surface by modulating the magnetic field. Ref. [38], Copyright 2013. Reprinted with permission from The American 
Association for the Advancement of Science, United Kingdom.

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry164

Self-healing superhydrophobic textiles with mechanical responsivity were also reported [48]. 
To induce this property, polydopamine nanocapsules with trapped hydrophobic agents were 
coated on the textiles. The nanocapsules could be released using different mechanical stresses, 
such as stretching, compression, friction, and even mechanical washing, and lead to self-healing  
properties.

1.4. Plasma

In a plasma chamber, highly ionized species are created by applying an electric field 
between two electrodes. When the plasma interacts with a substrate, different effects can be 
produced such as the surface cleaning, the formation of chemical groups, and/or the forma-
tion of surface structures. These effects are highly dependent on the plasma parameters such 
as the used gas, the pressure or the power and also on the substrate nature. For example, 
if a hydrophobic monolayer is used to prepare a superhydrophobic surface, the plasma 
treatment can remove the monolayer and leads to superhydrophobic properties [49–52]. 

Figure 6. Change in the water adhesion by inducing flexion on a flexible micro-patterned substrate. Ref. [43], Copyright 
2011. Reprinted with permission from AIP Publishing LLC, USA.

Figure 7. Preparation of microwrinkles of PDMS by pre-stretching following by oblique angle deposition of Ag nanorod. 
Ref. [46], Copyright 2015. Reprinted with permission from American Chemical Society, USA.
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However, to obtain reversible properties, it is often necessary to have again the hydrophobic 
monolayer and/or to storage in the dark.

Otherwise, following the used gas, the plasma treatment can also change the surface chemis-
try. For example, meshes substrates were coated by CVD with the nanocrystalline diamond 
film [53]. After H2 plasma, the surface diamond termination changed with hydrogen atom 
leading to superhydrophobic properties. Moreover, the surface properties were reversible by 
annealing in air at 500°C.

1.5. Ultrasound

Very recently, full reversibility between the Cassie-Baxter and Wenzel states were reported 
through acoustic pressure [54]. Ultrasonication is used both for the nucleation of bubbles 
directly on superhydrophobic surfaces. Oppositely, the collapse of an entrapped air film was 
promoted to reversibly manipulate the material surface properties and the interaction with 
the environment.

1.6. Guest

It is known that specific interactions between “guest” and “host” molecules can be extremely 
strong. This is the case, for example, between crown ethers and ions. Li et al. used this strat-
egy to develop superhydrophobic surfaces with specific sensitivity [55]. They grafted by click 
chemistry calix[4]azacrown (C4AC) on micro/nanostructured silicon substrates. Different 
organic ion pairs were selected (Figure 8): 1-butyl-3-methylimidazolium (C4mim) with differ-
ent counter ions (Cl−, Br− and PF6

−). Reversible surfaces from superhydrophobic to superhy-
drophilic were observed but only in the presence of [C4mim]Cl because [C4mim]Cl interacts 
with C4AC cavities and cone resulting in 1,3-alternate conversion. Calix[4]arene lipoic acid 
(C4LA) was also grafted on the gold substrate [56]. The substrate had specific interaction 
with guest molecules, resulting in a high decrease of surface hydrophobicity. The interaction 
was specific with methomyl (a carbamate pesticide) but not with four other tested carbamate 
pesticides. With the aim to remove metal ions from the environment, responsive mesh was 
prepared by coating with poly(acrylic acid) hydrogel [57]. The resulting mesh was superhy-
drophilic and underwater superoleophobic. The mesh could complex Hg+ ions by complex-
ation with the COO− groups of poly(acrylic acid) leading to an increase in water contact angle 
and a decrease in underwater oil contact angle.

Metal-organic frameworks (MOFs), also known as porous coordination polymers, were also 
used in the literature. In order to prepare hydrophobic MOFs, Planas et al. used an ortho- 
carborane functionalized with pyridylmethyl alcohol groups at the C-positions as a hydro-
phobic linker to Zn-1,4-benzenedicarboxylate [58]. Moreover, the substrate could change 
from highly hydrophobic to superhydrophilic by immersion in NaOH/DMF. In order to 
obtain fluorescent and hydrophobic MOFS, pyrene was incorporated in the structure [59]. 
The resulting materials displayed super-absorbency and could remove oils from oil/water 
mixture. They could also C60 as guest offering great promise for application in sensors.

In order to develop biosensors with switchable wettability, different strategies were used 
in order to bind biological molecules. For that, a tricomponent copolymer containing  
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phenylthiourea and phenylboronic acid was designed [60]. As a strong hydrogen-bonding 
donor, phenylthiourea was used to combine with the phosphate units and phenylboronic acid 
to combine with the pentose rings. The copolymer was grafted on structured silicon substrates. 
The substrates could switch from superhydrophobic to superhydrophilic after immersion in 
adenosine diphosphate (ADP) aqueous solution. Using copolymers with phenylboronic acid 
units, biosensors that can bind sugars such as glucose were also reported in the literature [61].

1.7. Solvent and gas

When structured polymer materials are immersed into a solvent such as water, the interac-
tions between the polymer chains and in contact with the solvent can highly varied leading to 
possible changes in surface morphology and wettability. Mixed polymer brushes with hydro-
phobic and hydrophilic blocks were used and fixed to a substrate. After exposure to different 
solvents, the organization of these chains can be highly affected as shown in Figure 9 [62, 63]. 
As a consequence, the surface energy and as a consequence θw vary [64, 65].

To verify this hypothesis, molecules in Y-shape composed of hydrophobic polystyrene PS and 
hydrophilic poly(acrylic acid) (PAA) were grafted on a substrate [66, 67]. When the substrate 
was immersed in toluene, a good solvent for PS, the layer at the extreme surface was mainly 
composed of PS brushes and reversely the orientation of the polymers chains could highly 
vary as a function of the affinity with the solvent. PAA-block-PS was also grafted on multiwall 
carbon nanotubes. The surface could reversely switch from superhydrophobic to parahydro-
phobic by immersion in water and heating [68].

In order to reach superhydrophobic properties, Minko et al. grafted carboxyl-terminated 
poly(styrene-co-2,3,4,5,6-pentafluorostyrene) (PSF-COOH) and carboxyl-terminated poly(2-
vinylpyridine) (PVP-COOH) on flat and rough (with needle-like structures) PTFE substrates 
functionalized with hydroxyl and amino groups (Figure 10) [69, 70]. After exposure to toluene,  

Figure 8. Preparation of guest-responsive surface using calix[4]azacrown derivatives. Ref. [55], Copyright 2012. 
Reprinted with permission from American Chemical Society, USA.
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phenylthiourea and phenylboronic acid was designed [60]. As a strong hydrogen-bonding 
donor, phenylthiourea was used to combine with the phosphate units and phenylboronic acid 
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As a consequence, the surface energy and as a consequence θw vary [64, 65].
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poly(styrene-co-2,3,4,5,6-pentafluorostyrene) (PSF-COOH) and carboxyl-terminated poly(2-
vinylpyridine) (PVP-COOH) on flat and rough (with needle-like structures) PTFE substrates 
functionalized with hydroxyl and amino groups (Figure 10) [69, 70]. After exposure to toluene,  

Figure 8. Preparation of guest-responsive surface using calix[4]azacrown derivatives. Ref. [55], Copyright 2012. 
Reprinted with permission from American Chemical Society, USA.

Switchable and Reversible Superhydrophobic Surfaces: Part Two
http://dx.doi.org/10.5772/intechopen.73020

167



the top layer was mainly composed of hydrophobic PSF while after exposure to water the 
surface topography changed: PSF formed round domains inside the hydrophilic PVP matrix. 
As a consequence, on flat substrates, θw varies from 118 to 25° while on rough substrates θw 
varies from 160 to 0°.

Ji et al. developed an asymmetric free-standing film layer-by-layer (LbL) assembly using poly-
ethyleneimine (PEI) and PAA [71]. After coating with Teflon on one side, the free-standing 
film was superhydrophobic on one side and hydrophilic on the other side. As a function of the 
humidity, the free-standing film could be in a control manner bended and unbended (Figure 11).  
In a similar manner, Sun et al. developed films that could reversely induce wrinkles in the 
presence of humidity by depositing hydrophobic SiO2 nanoparticles on multilayer assembly of 
poly(allylamine hydrochloride) (PAH) and PAA [72]. Aizenberg et al. also reported a very inno-
vative strategy by embedding nanoarrays in a hydrogel [73]. When the material was exposed to 
water, the orientation of the nanostructures changes leading to different surface hydrophobicity.

Figure 9. Changing in the organization of mixed polymer brushes with hydrophobic and hydrophilic blocks after 
exposure to different solvents. Ref. [63], Copyright 2002. Reprinted with permission from American Chemical Society, 
USA.

Figure 10. Change in the surface topography and organization of needle-like PTFE nanostructures grafted with PSF-
COOH and PVP-COOH after exposure to different solvents. Ref. [70], Copyright 2003. Reprinted with permission from 
American Chemical Society, USA.
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Tang et al. reported that 1,2,3,4,5-hexaphenylsilole is a unique solvent-sensitive material with 
switchable luminescence properties (Figure 12) [74]. When this material is spin-coated on a sub-
strate, the resulting material is smooth, slightly hydrophobic (θw = 97.0°) and displayed a green 
light luminescence. After exposure to ethanol vapor, the substrate became nanostructured,  

Figure 11. Control in the bending of free-standing films prepared by LbL of PEI and PAA as a function of humidity. Ref. 
[71], Copyright 2010. Reprinted with permission from American Chemical Society, USA.

Figure 12. Reversible control in the surface structuration, hydrophobicity, and luminescence properties of 1,2,3, 
4,5-hexaphenylsilole films after exposure to ethanol vapor and toluene vapor, respectively. Ref. [74], Copyright 2008. 
Reprinted with permission from American Chemical Society, USA.

Switchable and Reversible Superhydrophobic Surfaces: Part Two
http://dx.doi.org/10.5772/intechopen.73020

169



the top layer was mainly composed of hydrophobic PSF while after exposure to water the 
surface topography changed: PSF formed round domains inside the hydrophilic PVP matrix. 
As a consequence, on flat substrates, θw varies from 118 to 25° while on rough substrates θw 
varies from 160 to 0°.

Ji et al. developed an asymmetric free-standing film layer-by-layer (LbL) assembly using poly-
ethyleneimine (PEI) and PAA [71]. After coating with Teflon on one side, the free-standing 
film was superhydrophobic on one side and hydrophilic on the other side. As a function of the 
humidity, the free-standing film could be in a control manner bended and unbended (Figure 11).  
In a similar manner, Sun et al. developed films that could reversely induce wrinkles in the 
presence of humidity by depositing hydrophobic SiO2 nanoparticles on multilayer assembly of 
poly(allylamine hydrochloride) (PAH) and PAA [72]. Aizenberg et al. also reported a very inno-
vative strategy by embedding nanoarrays in a hydrogel [73]. When the material was exposed to 
water, the orientation of the nanostructures changes leading to different surface hydrophobicity.

Figure 9. Changing in the organization of mixed polymer brushes with hydrophobic and hydrophilic blocks after 
exposure to different solvents. Ref. [63], Copyright 2002. Reprinted with permission from American Chemical Society, 
USA.

Figure 10. Change in the surface topography and organization of needle-like PTFE nanostructures grafted with PSF-
COOH and PVP-COOH after exposure to different solvents. Ref. [70], Copyright 2003. Reprinted with permission from 
American Chemical Society, USA.

Interdisciplinary Expansions in Engineering and Design With the Power of Biomimicry168

Tang et al. reported that 1,2,3,4,5-hexaphenylsilole is a unique solvent-sensitive material with 
switchable luminescence properties (Figure 12) [74]. When this material is spin-coated on a sub-
strate, the resulting material is smooth, slightly hydrophobic (θw = 97.0°) and displayed a green 
light luminescence. After exposure to ethanol vapor, the substrate became nanostructured,  

Figure 11. Control in the bending of free-standing films prepared by LbL of PEI and PAA as a function of humidity. Ref. 
[71], Copyright 2010. Reprinted with permission from American Chemical Society, USA.

Figure 12. Reversible control in the surface structuration, hydrophobicity, and luminescence properties of 1,2,3, 
4,5-hexaphenylsilole films after exposure to ethanol vapor and toluene vapor, respectively. Ref. [74], Copyright 2008. 
Reprinted with permission from American Chemical Society, USA.

Switchable and Reversible Superhydrophobic Surfaces: Part Two
http://dx.doi.org/10.5772/intechopen.73020

169



highly hydrophobic (θw = 136.3°) and displayed a blue light luminescence. Moreover, the 
surface properties could be reversely switched using toluene vapor.

Inorganic materials can also be used to obtain solvent-sensitive but, here, it is often possible 
when interactions of the substrates with the solvent induce changes in the surface chemistry 
[75–77]. This is the case of titanate nanostructures in water. The authors reported a change 
in the surface hydrophobicity due to physically adsorbed water molecules [75]. Moreover, 
the surface was reversible by simple heating. Otherwise, the immersion of inorganic materi-
als can also lead to the removal of the hydrophobic treatment and as a consequence highly 
decreases the surface hydrophobicity [78, 79].

Different materials sensitive to gases were also reported in the literature [80–86]. 19-25 Jiang 
et al. developed superhydrophobic indium hydroxide (InOH)3) with microcubes and nanorods 
using a hydrothermal process in the presence of InCl3 and urea (Figure 13) [80]. The sur-
face could switch from superhydrophobic to superhydrophilic in the presence of ammonia 
(NH3·H2O). Indeed, In(OH)3 being acidic, the ammonia molecules would anchor to the surface 
and form an ammonia layer on the surface of In(OH)3. Moreover, the bonds created between 
In(OH)3 and NH3.H2O being weak, they can be easily broken by heating leading again to super-
hydrophobic properties. In(OH)3-PDMS sponges with NH3 sensitivity were also prepared in 
the presence of polydopamine [81]. In a similar manner, CO2 is an acid gas; it can react at the 
surface of a material if amine groups are present. This strategy was used by Yuan et al. [83]. 
They electrospun PMMA-co-poly(N,N-dimethylaminoethyl methacrylate), a copolymer with 
amine groups. The resulting materials could switch from highly hydrophobic and underwater 
oleophobic to highly hydrophilic and underwater oleophilic in the presence of CO2. Moreover, 

Figure 13. Influence of NH3·H2O on the surface hydrophobicity of In(OH)3 with microcubes and nanorods. Ref. [80], 
Copyright 2008. Reprinted with permission from American Chemical Society, USA.
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the properties were reversible in the presence of N2. A very interesting work was reported by 
Wang et al. using the allochroic material (a material that can changes color) crystal violet lac-
tone (CVL) [84]. To obtain superhydrophobic properties, palygorskite@polysiloxane was modi-
fied with CVL. The resulting materials could change from blue (CVL+: the carboxylate group of 
CVL) to discolored (CVL) in the presence of different gas vapor such as acetone.

A palladium-based superhydrophobic substrate was reported by Pd coating on vertically 
aligned Si nanowires [85]. The resulting substrates could reversely switch from superhydro-
phobic to parahydrophobic (high adhesion) properties in the presence of H2 or air, respec-
tively. Here, the changes are due to a change in the surface energy due to the formation 
of β-phase Pd hydride (PdHx). Moreover, the substrates could potentiate the therapeutic 
efficiency of 3D stem cell spheroids. ZnO nanowires could also be reversely switched from 
superhydrophobic to superhydrophilic in the presence of O2 and H2, respectively, but at high 
temperature (300°C) [86]. Using a model based on density functional theory, the authors 
showed that oxygen-related defects are responsible for the wettability switching.

1.8. Chemical reactions

Different grafting strategies can also be envisaged to prepare the surface with reversible 
wettability [87–89]. For example, nanofibers of poly(3,4-ethylenedioxythiophene) (PEDOT) 
functionalized with azido groups (N3) were prepared by electropolymerization [87]. Then, 
dithiolane groups were introduced by reaction with lipoic acid also called thioctic acid. Then, 
various thiols were introduced to modify the surface properties. Both the surface morphol-
ogy and the surface hydrophobicity were affected by the post-treatment with the used thiol. 
Interestingly, the use of fluorinated thiols highly changed the surface morphology and poros-
ity leading to superhydrophobic properties and highly oleophobic properties. Moreover, the 
surface hydrophobicity and oleophobicity were reversible by reaction with dithiothreitol 
(DTT) to form the dithiolane groups again (Figure 14).

The boronic ester chemistry was also used to reversely change the surface properties [88]. 
This time, nanostructured PEDOT films functionalized with protected 1,2-diol were prepared 
by electropolymerization. After deprotection, the surface could easily react with different 
boronic acids containing different aromatic groups as shown in Figure 15. Similarly, both the 
surface morphology and the surface hydrophobicity were affected by the use of boronic acid 
post-treatment. The highest properties were obtained with the pyrene group for which the 
surface was parahydrophobic (extremely high water adhesion) with θw = 135°.

Figure 14. Reversible wetting properties by reaction of hydrophobic thiols on dithiolane and DTT [87].
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1.9. Dual sensitivity

Temperature and pH: Switchable surfaces by temperature and pH were prepared using 
thermosensitive polymers functionalized by pH-sensitive groups such as carboxylic acids 
(COOH) or amines. For example, a copolymer of poly(N-isopropylacrylamide) (PNIPAAm: 
sensitive to temperature) and polyacrylic acid (PAA: sensitive to pH) was grafted on micro 
and nanostructured silicon substrates (Figure 16) [90, 91]. The resulting surface could switch 
from superhydrophobic (low adhesion) at high temperature (45°C) and/or low pH (2) to para-
hydrophobic (high adhesion) at low temperature (20°C) and/or high pH (11).

Different polymers with amino or pyridinium groups were also used to induce pH sensitivity 
[92–96]. Hybrid responsive nanoparticles were prepared by grafting on a SiO2 core mixed block 
copolymers of PS and poly(4-vinylpyridine) (P4VP) [92, 93]. PS is a thermosensitive polymer 

Figure 15. Reversible wetting properties by reaction of hydrophobic boronic acids on 1,2-diols and HCl [88].

Figure 16. Temperature and pH-switchable surfaces using PNIPAAm and PAA copolymers. Ref. [90], Copyright 2012. 
Reprinted with permission from Royal Society of Chemistry, United Kingdom.
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with a Tg of 100°C while P4VP is sensitive to pH. The surface was superhydrophobic at high pH 
(6) and at a temperature (> 100°C) while θw decreased with the temperature and pH. The authors 
also observed that the surface roughness changed with the temperature and pH. Wang et al. 
modified stainless steel meshes with a hydrogel copolymer of 2-(dimethylamino)ethyl methac-
rylate and methacrylic acid (two monomers sensitive to pH) [95]. Using oil/water mixtures, the 
meshes could let water pass through with a separation efficiency of 98.35% but only at both high 
temperature (55°C) and low pH (7), or both low temperature (25°C) and high pH (13). Poly-L-
lysine, as both pH and the thermosensitive peptide, was also tested on a micro and nanostruc-
tured silicon substrate [96]. The surface was superhydrophobic at both high temperature (60°C) 
and high pH (11.5), and became superhydrophilic as the temperature and/or the pH decrease.

Solvent and pH: To prepare polymer particles responsive to solvent and pH, copolymers were 
prepared using a hydrophilic moiety (PAA) and hydrophobic ones (poly(2,3,4,5,6-pentafluo-
rostyrene) [97]. The polymer films produced by annealing in the air led to superhydrophobic 
properties while by annealing in water led to highly hydrophilic properties (Figure 17). This 
was due to the reorientation of the PAA groups in water. Moreover, due to the presence of 
COOH groups, the pH could also modify the surface charge between negative and neutral, 
which can also modify the surface hydrophobicity.

Voltage and pH: Switchable surfaces by voltage and pH were prepared using conducting 
polymers for their sensitivity to voltage. First, polyaniline was used for its sensitivity also to 
pH [98, 99]. To form superhydrophobic micro and nanostructured polyaniline with urchin-
like and core-shell structures, polystyrene microspheres were used as seed (hard template) 
for the growth of polyaniline nanofibers [98]. The surface could switch from superhydropho-
bic to superhydrophilic depending on the voltage and the pH. Similar properties were also 
reported on polyaniline-polyacrylonitrile coaxial nanofibers prepared by electrospinning [99].

Switchable surface from superhydrophobic properties to highly hydrophilic were obtained 
by electro-copolymerization of PEDOT monomers with both pH-sensitive groups (COOH) 

Figure 17. Solvent and pH-switchable surfaces using poly(2,3,4,5,6-pentafluorostyrene) and PAA copolymers. Ref. [97], 
Copyright 2010. Reprinted with permission from American Chemical Society, USA.
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Figure 17. Solvent and pH-switchable surfaces using poly(2,3,4,5,6-pentafluorostyrene) and PAA copolymers. Ref. [97], 
Copyright 2010. Reprinted with permission from American Chemical Society, USA.
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and fluorinated chains [100]. The authors studied the influence of the percentage of each 
monomer, the doping state and also the pH on both the surface hydrophobicity (Figure 18). 
The surface morphology changed with the percentage of each monomer. The highest wetta-
bility changes were observed for a mol% of EDOT-COOH between 12.5 and 25%.

Voltage and Ion Exchange: Switchable surfaces by voltage and ion exchange were prepared using 
conducting polymers for their sensitivity to voltage while the sensitivity to ion exchange could be 
obtained by introducing functional groups such as ammonium, imidazolium or sulfonate groups. 
For example, multiresponsive surfaces were obtained by grafting an imidazolium substituent on 
PEDOT polymers [101, 102]. Smooth polymer films were prepared by spin-coating and observed 
sensitivity to ion exchange, oxidative doping, temperature, and pH. Their surface hydrophobicity 
could be modified from 40 to 70–72° by exchanging the counter-anion of the imidazolium moiety 
with fluorinated bis(trifluoromethane)sulfonamide or nonafluoro-1-butanesulfonate anions. The 
surface properties could be also enhanced from 24 to 107° by depositing the polymer on ZnO 
nanowire arrays. The surface properties of PEDOT:PSS were also studied by the authors [103].

In order to reach superhydrophobic properties, PEDOT copolymers with both ion exchange 
functional groups and fluorinated chains were prepared by electro-copolymerization (Figure 19) 
[104, 106]. The authors studied the influence of the percentage of each monomer, the doping 
state and also the counter-ions of ion exchange functional groups on both the surface hydropho-
bicity (Figure 19) [104]. Surprisingly, using 25 mol% of EDOT-Py+, the surface could switch from 
superhydrophobic to hydrophilic by reduction (dedoping using a different voltage) and again  

Figure 18. Voltage and pH-switchable surfaces using PEDOT-COOH and PEDOT-O-H12 copolymers [101].
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superhydrophobic properties by ions exchange with hydrophobic bis(trifluoromethanesulfonyl)
imide (Tf2N−) ions while the superoleophobic properties remained unchanged. Hence, it was possible 
to obtain both superoleophobic and hydrophilic properties, which is extremely rare in the literature 
[105]. Moreover, superoleophobic properties were also prepared with poly(3,4-ethylenedioxypyr-
role) PEDOP copolymers with ion exchange functional groups and fluorinated chains [106].

Light and ion exchange: Switchable surfaces by light and ion exchange were reported by SAM 
of an imidazolium moiety (sensitive to ion exchange) terminated with a fluorinated chain on 
nanostructured ZnO (sensitive to light) films [107]. The authors studied the influence of ZnO 
morphology, the counter-ions (I−, BF4

−, PF6
−, Tf2N−) of imidazolium groups and the light on the 

surface hydrophobicity. Superhydrophobic properties were obtained with ZnO nanoparticles 
and hydrophobic PF6

− or Tf2N− ions. Moreover, the surface could reversely switch from super-
hydrophobic to hydrophilic by UV irradiation and dark storage.

Mechanic stress and magnetic field: Liu et al. developed flexible conical arrays coated with 
magnetic nanoparticles for fog harvesting systems [108]. Under an external magnetic field, 
static fog water could be spontaneously and continuously captured and directionally trans-
ported from the tip to the base of the spine through periodic vibration of the flexible coni-
cal spines driven by the magnetic field and the Laplace pressure difference arising from the 
conical shape of the flexible spines (Figure 20). Magnetically sensitive superomniphobic sur-
faces were also reported by fabricating flexible micronail caps [109]. The micronail caps could 
reversely bend using an external magnetic field, which changed the surface properties from 
superomniphobic to superomniphilic.

Multiresponsivity: Switchable surfaces with responsivity to both light, heat, and pH was prepared 
by modifying TiO2 (sensitive to light) nanoparticles with a copolymer of poly(N-isopropylacryl-
amide) (PNIPAAm: sensitive to temperature) and polyacrylic acid (PAA: sensitive to pH) [110].  

Figure 19. Voltage and ion exchange-switchable surfaces using PEDOT-Py+ and PEDOT-F8 copolymers [104].
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and fluorinated chains [100]. The authors studied the influence of the percentage of each 
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The surface morphology changed with the percentage of each monomer. The highest wetta-
bility changes were observed for a mol% of EDOT-COOH between 12.5 and 25%.

Voltage and Ion Exchange: Switchable surfaces by voltage and ion exchange were prepared using 
conducting polymers for their sensitivity to voltage while the sensitivity to ion exchange could be 
obtained by introducing functional groups such as ammonium, imidazolium or sulfonate groups. 
For example, multiresponsive surfaces were obtained by grafting an imidazolium substituent on 
PEDOT polymers [101, 102]. Smooth polymer films were prepared by spin-coating and observed 
sensitivity to ion exchange, oxidative doping, temperature, and pH. Their surface hydrophobicity 
could be modified from 40 to 70–72° by exchanging the counter-anion of the imidazolium moiety 
with fluorinated bis(trifluoromethane)sulfonamide or nonafluoro-1-butanesulfonate anions. The 
surface properties could be also enhanced from 24 to 107° by depositing the polymer on ZnO 
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[104, 106]. The authors studied the influence of the percentage of each monomer, the doping 
state and also the counter-ions of ion exchange functional groups on both the surface hydropho-
bicity (Figure 19) [104]. Surprisingly, using 25 mol% of EDOT-Py+, the surface could switch from 
superhydrophobic to hydrophilic by reduction (dedoping using a different voltage) and again  
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to obtain both superoleophobic and hydrophilic properties, which is extremely rare in the literature 
[105]. Moreover, superoleophobic properties were also prepared with poly(3,4-ethylenedioxypyr-
role) PEDOP copolymers with ion exchange functional groups and fluorinated chains [106].

Light and ion exchange: Switchable surfaces by light and ion exchange were reported by SAM 
of an imidazolium moiety (sensitive to ion exchange) terminated with a fluorinated chain on 
nanostructured ZnO (sensitive to light) films [107]. The authors studied the influence of ZnO 
morphology, the counter-ions (I−, BF4

−, PF6
−, Tf2N−) of imidazolium groups and the light on the 

surface hydrophobicity. Superhydrophobic properties were obtained with ZnO nanoparticles 
and hydrophobic PF6

− or Tf2N− ions. Moreover, the surface could reversely switch from super-
hydrophobic to hydrophilic by UV irradiation and dark storage.

Mechanic stress and magnetic field: Liu et al. developed flexible conical arrays coated with 
magnetic nanoparticles for fog harvesting systems [108]. Under an external magnetic field, 
static fog water could be spontaneously and continuously captured and directionally trans-
ported from the tip to the base of the spine through periodic vibration of the flexible coni-
cal spines driven by the magnetic field and the Laplace pressure difference arising from the 
conical shape of the flexible spines (Figure 20). Magnetically sensitive superomniphobic sur-
faces were also reported by fabricating flexible micronail caps [109]. The micronail caps could 
reversely bend using an external magnetic field, which changed the surface properties from 
superomniphobic to superomniphilic.

Multiresponsivity: Switchable surfaces with responsivity to both light, heat, and pH was prepared 
by modifying TiO2 (sensitive to light) nanoparticles with a copolymer of poly(N-isopropylacryl-
amide) (PNIPAAm: sensitive to temperature) and polyacrylic acid (PAA: sensitive to pH) [110].  
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The resulting polymer surfaces displayed reversible wettability from superhydrophobic to 
superhydrophilic by UV and heat treatment at 150°C or immersion in solution of pH 12 and 
2. Multiresponsive surfaces to heat, pH, and sugars was also reported by using a copolymer 
of PNIPAAm (sensitive to temperature) and poly(acrylamidophenylboronic acid (sensitive to 
both sugars and pH) [111]. The surface could switch from superhydrophobic to superhydro-
philic by cooling at T = 20°C, exposure to glucose or immersion at high pH (10.1).

2. Conclusion

In this book chapter, most of the articles dedicated to switchable and reversible superhydro-
phobic surfaces were reviewed. If superhydrophobic properties are highly present in Nature, 
the preparation of reversible superhydrophobic properties has become one of the most 
studied domains. Indeed, if robust superhydrophobic surfaces can be obtained if the sur-
face structures are able to stabilize the Cassie-Baxter state, it is possible to induce the Cassie-
Baxter-Wenzel transition. In the literature, various techniques were developed to control the 
surface wettability using extern stimuli such as light, temperature, pH, ion exchange, voltage, 
magnetic field, mechanic stress, plasma, ultrasonication, solvent, gas or guest. Such proper-
ties are extremely important for various applications but especially for controllable oil/water 
separation membranes, oil-absorbing materials, and water harvesting systems.
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