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Preface

The aerospace industry is at a point where components are reaching design
maturity and performance improvements are incremental. Aggressive goals
for fuel burn reduction and potential environmental issues necessitate a
new paradigm. The growing interest and development in the field of ma-
chine learning presents an opportunity to speed up by 10 times or more
the discovery, analysis, and development of aerospace systems using artificial
intelligence and natural systems. Knowledge from biological sciences can
help us train artificial intelligence systems to create a future that is full of
promise and opportunities for all. This includes multiscale and multilevel ad-
justments (mission level such as rotorcraft to fixed wing or flapping wing,
system and subsystem levels such as adjustments to wind gusts/bird strikes,
fouling). For example, for a self-organizing fluid craft for terrestrial and
extraterrestrial exploration, what is required is an automated, intelligent
design tool to enable nature-inspired system design.

A quick Scopus search of “aerospace” for all fields and “bionics” or “bio-
mimicry” or “bio-inspired” for title/abstract/keywords produced 2536 re-
sults, approximately half (1285) of them since 2017. More than 80% of all
such publications have appeared within the past decade. There has been
an approximately fivefold increase in publications in this area comparing
the last (2080) and previous decades (455). Recognizing the importance
of this topic, the editors of Biomimicry for Aerospace: Technologies and Applica-
tions selected and organized 17 (and coauthored 2) total chapters authored by
experts in the fields of power, propulsion, materials, communications, struc-
tures, modeling/simulations, and aerospace systems. The book is divided
into four sections, each devoted to an important aspect of biomimicry for
aerospace applications.

Part 1: Biomimicry in aerospace: Education, design, and
inspiration

The initial section includes five chapters that provide an educational back-
ground to biomimicry applied for aerospace applications while introducing
a major theme of the book: bio-inspired design applied for novel and prac-
tical technologies. Chapter 1, coauthored by Prof. Carlos Montana-Hoyos
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and colleagues from Dubai Institute of Design and Innovation, explores and
proposes potential scenarios for biologically inspired, biologically enhanced,
and biohybrid design and technology innovations for the aerospace industry
and future colonization of Mars and other planets. Chapter 2, authored by
Prof. Marjan Eggermont, provides the context for and some intriguing re-
sults of a design course at the University of Calgary (U of C). Student pro-
jects assigned were based on technical themes explored during a 2016
summit held in Cleveland, OH, outside of the NASA Glenn Research Cen-
ter (GRC). The summit introduced a multidisciplinary team concept
established by the NASA GRC, the VINE (Virtual Interchange for
Nature-Inspired Exploration), with the goal of creating a sustainable,
cross-geographical, 24 � 7 online workspace. With inspiration from nature
and natural systems as its driving framework, VINE’s mission is to provide
potential solutions to NASA’s toughest challenges, in collaboration with ex-
perts from academia, industry, and other government agencies. Close to 900
students in a freshman engineering design and communication course at U
of C were tasked to explore design inspired by nature and how it might
benefit areas that were the focus of the summit, of NASA, and of space
exploration in general. Chapter 3, a collaborative work coauthored by
Colleen Unsworth and Prof. Vik Shyam of the University of Akron, pro-
vides a summary of the state of biomimetic tools, methods, and a notional
roadmap toward achieving a tool or set of tools that may bridge the gap be-
tween the art of biomimicry and the more widespread practice by engineers,
scientists, and others without formal biomimicry training. In Chapter 4, Dr.
Bob Romanofsky from the NASA GRC provides an overview of a search
for hidden connections between technology and naturedespecially as it
pertains to links between biology and electromagnetics in navigation and
communication systems. Several devices, phenomena, and approaches to
problem-solving are considered, and an attempt is made to identify linkages
between experiences, observables, and the way technologists approach
problem-solving and see the world. Chapter 5, a collaborative work coau-
thored by Prof. Claudia Rivera, National Autonomous University of
Mexico, Mexico City, Anne-Marie Daniel (NatuR&D, Victoria, BC,
Canada), and Christian de la Cruz (Biomimicry Researcher), is devoted to
a “Genius-of-Place” study of the Atacama Desert in Chile. A “Genius-of-
Place” is a process developed by Biomimicry 3.8 that results in a summary
of research on the organisms from a specific place to inform design work
that is highly adapted to, either the same place, or a place with similar mete-
orological, geophysical, and biological characteristics.
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Part 2: Bio-inspired design: Aerospace and other
practical applications

The four chapters in the second part of the book discuss practical applica-
tions of biomimetic design for aerospace and terrestrial applications. Chapter
6 is a collaborative effort led by Prof. Dhruv Bhate of Arizona State Univer-
sity and Prof. Clint Penick of Keenesaw State University in Georgia and in-
cludes Derek Goss, a graduate student at Arizona State and Alex Grishin of
Phoenix Analysis and Design Technologies. The chapter provides a detailed
discussion of bio-inspired design and additive manufacturing of cellular ma-
terials, such as honeycomb panels and foams; these have found a wide range
of application in aerospace, ranging from heat exchangers to acoustic liners.
Untangling complex problems that arise from the interplay between design,
manufacturing, and applications is not always straightforward using tradi-
tional engineering approaches. The authors argue for resolving these issues
by considering natural structures; it is also critical to consider the nature of
design constraints imposed by additive manufacturing processes. A three-
part framework is proposed and demonstrated for the specific example of
the hexagonal honeycomb. Chapter 7, describing a biomimetic design
exploration for improved NASA zero gravity exercise equipment, is
authored by Prof. Petra Gruber and colleagues from the University of Akron
and Gail Perusek from the NASA GRC. A NASA biomimetic design chal-
lenge was carried out by a graduate-level course in the spring semester 2017
at the University of Akron investigating bio-inspired approaches for
compact and efficient spaceflight crew exercise equipment, accessories,
and interfaces to the crew. The conceptual ideas developed in the frame
of the course are presented together with a discussion of the methodology
of using biomimetics in a real-world design context. Chapter 8 addresses
the biomimetics of boxfish and design of an aerodynamically efficient pas-
senger car; it is coauthored by Dr. Harun Chowdhury (Managing Director)
and Dr. Bavin Loganathan (Project Manager) at ABScube Engineering and
Education. A detailed bio-inspired process to design an aerodynamically
efficient passenger car inspired by a yellow boxfish is described. This process
involved the selection of an optimum biological species based on the project
goal, testing of mimicry parameters, and implementation of the intended
design. The results confirmed that the biomimetics of boxfish can provide
an improvement in automotive design with a significant aerodynamic
advantage. A successful demonstration of a CubeSat mission to Mars using
commercial LIBs is outlined; factors contributing to this successful mission
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are examined. The final chapter of the section is authored by Ryan Church,
founder and CEO, Biome Renewables Inc., and describes the invention of
PowerCone, a biomimetic wind power optimization technology. The chap-
ter explores various aerodynamic mechanisms and strategies of the falling
maple key and describes how these were applied to the design of wind
and tidal turbines. An examination of the more fundamental strategies
that are at play here will also reveal the cross-disciplinary nature of biomi-
metic designs.

Part 3: Biomimicry and foundational aerospace
disciplines

The third section consists of four chapters covering important aerospace-
related disciplines: robotics, power, propulsion, and simulation/modeling.
In Chapter 10, Prof. Astley of the University of Akron presents an in-
depth discussion of snake-inspired robots for extraterrestrial exploration.
Snake-inspired robots hold particular promise for negotiating cluttered,
complex, and confined terrain, making them ideal for exploration of chal-
lenging extraterrestrial environments. This chapter will detail challenges
faced by electromechanical devices for extraterrestrial missions and explain
why snakes are an ideal model system for robotic explorers, how snakes
achieve their remarkable locomotor capabilities, and the potential of snake
robots for augmenting exploration missions to the terrestrial planets. In
Chapter 11, Dr. Lyndsey McMillon Brown from NASA GRC provides
an overview of biomimetic advances in photovoltaics with potential aero-
space applications. The author reviews the many advancements enabled
by biomimetics to photovoltaic light harvesting efficiency. For various types
of solar cells, biomimetic solutions exist to common efficiency challenges,
paving their way to potential aerospace applications. Chapter 12, authored
by Dr. Rodger Dyson of the NASA GRC, covers electric aircraft cooling
by bio-inspired exergy management. The focus of the chapter is an over-
view of a new category of thermal energy conversion technology: a thermal
recovery exergy efficient system. This is achieved with exergy amplification
of powertrain waste heat via several advances in energy management tech-
nologies and a gradient-based powertrain system optimizer. This approach
mimics the human body’s thermal management system in which the heart,
arteries, and veins are analogous to the turbofan, acoustic tubes, and heat
pipes proposed herein. In Chapter 13, Prof. Amir Gandomi (University of
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Technology Sydney, Australia) and coauthors Aniket Kumar and Prof. Sub-
hrajit Dutta (National Institute of Technology, Assam, India) discuss surro-
gate model-driven bio-inspired optimization algorithms for large-scale and
high-dimensional problems. The more popular surrogate models that are
extensively used in real-life engineering simulation, polynomial regression
models, support vector regression models, and Gaussian process regression
models or Kriging surrogate models are discussed. Multilevel bio-inspired
optimization algorithms are covered. Finally, a hierarchical surrogate
model-based particle swarm optimization algorithm, effective on a range
of large-scale design optimization problems, is addressed.

Part 4: Bio-inspired materials, manufacturing and
structures

The final section of the book includes four chapters, including experimental,
theoretical, and practical aspects and approaches. In Chapter 14, Dr. Tiffany
Williams of NASAGRC provides a thorough overview of research efforts in
biomimicry to develop nature-inspired materials and processes for space
exploration and more efficient aircraft. The chapter provides a variety of
biological examples and principles and illustrates how these bio-inspired
models could play a role in designing next-generation aerospace materials.
Dr. Williams also presents existing barriers and advanced fabrication tech-
niques that offer the greatest potential to develop novel, bio-inspired mate-
rials. Chapter 15 is a collaboration between the Department of Mechanical
Engineering at the University of Alberta and the Mechanical Engineering
Department at the University of British Columbia, led of Profs. Dan
Sameoto andMattia Bacca, of the former and latter institutions, respectively.
The authors outline the basis of technology, theory, and materials used for
manufacturing gecko-inspired adhesives as well as their use in applications of
interest to space exploration and technology. The challenges of working in
the extreme environment of outer space, including their practical imple-
mentation in space applications, are covered in some detail. Chapter 16 is
coauthored by Prof. T.E. Girish, G.M. Anupama, and G. Lakshmi from
the Department of Physics, University College, Trivandrum, India. The
focus of the chapter is the prospect of bio-inspired automated integrated cir-
cuit manufacturing on the Moon and Mars. The current status of automa-
tion in semiconductor manufacturing is outlined. The development of
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bio-inspired semiconductor technologies for space applications is then
briefly considered. The challenges in achieving the aforementioned techno-
logical goals on the Moon and/or Mars are considered, including an assess-
ment of progress in several different interdisciplinary areas such as space
manufacturing. Finally, Chapter 17, a collaboration between Dr. Thomas
Sinn of Deployables Cubed GmbH and Prof. Massimiliano Vasile, Univer-
sity of Strathclyde, provides an overview of smart deployable space structures
inspired by nature. For example, various plants have the ability to follow the
sun with their flowers or leaves during the course of a day via a mechanism
known as heliotropism. This mechanism is characterized by the introduction
of pressure gradients between neighboring motor cells in the plant’s stem,
enabling the stem to bend. By adapting this bio-inspired mechanism to me-
chanical systems, a new class of smart deployable structures can be created.
The chapter concludes with a discussion of their applicability to future space
exploration.

The success of this edited book project is the result of the full commitment
of each contributing author.Without their availability in sharing their valuable
knowledge and critical review of respective topics, this book could not be
published at such a high standard. The editors are grateful to the nonprofit
organization Creative Commons (CC) for their role in facilitating the sharing
of knowledge; CC content was employed by multiple chapter authors in
this book. The reader is encouraged to learn more about CC licenses
(https://creativecommons.org/about/cclicenses/). Finally, our heartfelt
appreciation also goes to Mariana Kuhl our editorial project manager. Carrie
Bolger, our acquisitions editor, is acknowledged for her constant support
throughout the entire publication process.

Vikram ShyamdUniversity of Akron
Marjan EggermontdUniversity of Calgary
Aloysius F. HeppdNanotech Innovations
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CHAPTER ONE

Biomimicry and biodesign for
innovation in future space
colonization
Carlos Montana-Hoyos, Mirko Daneluzzo, Raffi Tchakerian,
Sayjel Vijay Patel, Renata Lemos Morais
Dubai Institute of Design and Innovation, DU, United Arab Emirates

1.1 Introduction

In this chapter, we consider three primary topics. First, we discuss the
development of the commercial and Entrepreneurial Space Industry (ESI),
highlighting the possibilities and main requirements, and the role of design
and design education within this industry. Second, we discuss the main
topics of biomimicry and bio-inspired design, bio-enhanced design, and
bio-hybrid design, though a review of samples of different types of projects
within these biological design categories. As part of this, Biomimicry, as well
as recent movements such as Next Nature,Material Ecology, and Biodesign, are
briefly explained. Hybrid transdisciplinary approaches around nature, cul-
ture, and emerging technologies are also discussed in view of implications
and applications for future aerospace colonization. Third, we explore several
examples of our own applied research around Biodesign, as well as examples
drawn from futuristic and speculative design projects focused on aerospace
industry and space colonization, both from different sources and from our
own research. This chapter concludes by summarizing key ideas around po-
tential applications and implications of the hybrid relationships of biology
and nature with design, technology, and innovation for potential future
space colonization.

1.2 The entrepreneurial space industry

Since the dawn of the Space Race starting in the 1950s between the
United States and the former USSR, space activities have been dominated
by their Cold War posture, with all space activities financed through

Biomimicry for Aerospace
ISBN: 978-0-12-821074-1
https://doi.org/10.1016/B978-0-12-821074-1.00012-8
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government-controlled budget funding and most astronauts and cosmo-
nauts drawn from the ranks of the military. On June 21, 2004, with the
launch of SpaceShipOne (SS1) (Fig. 1.1) from the Mojave Desert, the era
of the ESI began. The SS1, a first-of-its-kind spaceplane, was developed
by aeronautic designer and engineer Burt Rutan and was financed by Silicon
Valley veteran and Microsoft cofounder, Paul G. Allen. The SS1 was the
first privately funded manned spacecraft to leave the Earth’s atmosphere
and travel beyond the K�arm�an line, which is 100 km above the surface of
the Earth, and where space officially begins [1]. The SS1 project won the
Ansari X Prize of $10 million US dollars by successfully launching two
manned suborbital flights within 2 weeks [2], the conditions for winning
the X Prize. Virgin Galactic’s SpaceShipTwo (SS2), the successor of Space-
ShipOne, is in its final testing stages and, after delays, is set to carry the first
commercial passengers to space in 2022. Silicon Valley wealth, along with its
entrepreneurial ethos of “just do it,” is currently fueling the rapid develop-
ment of a previously stagnant industry [3].

Another leader in the ESI is SpaceX. Founded by Elon Musk in 2002,
Space X has achieved what was considered unthinkable in less than 18 years.
In 2012, SpaceX became the first commercial company in history to success-
fully dock with the International Space Station (ISS). More importantly,
SpaceX changed the path of the aerospace industry. On December 21,
2015 a Falcon 9 rocket successfully executed a retro propulsion landing

Figure 1.1 SpaceShipOne landing at the Mojave Spaceport on June 21, 2004; Mike Mel-
vill’s helmet can be seen through one of the windows. Credit: Ikluft - Own work, CC BY-SA
4.0. https://commons.wikimedia.org/w/index.php?curid¼3370145.

4 Carlos Montana-Hoyos et al.

https://commons.wikimedia.org/w/index.php?curid=3370145
https://commons.wikimedia.org/w/index.php?curid=3370145


on solid ground at Cape Canaveral. This was potentially the largest step to-
ward economically feasible commercial human spaceflight. According to
Musk, “In order for us to really open up access to space we need to achieve
full and rapid reusability.” Since the Falcon 9 landing, SpaceX has success-
fully landed 56 boosters in 66 attempts (an 85% success rate) and has been
able to reuse its equipment up to five times [4]. Thanks to these innovations,
SpaceX is set to revolutionize the ESI industry by offering low-cost launches
that cannot currently be matched by any other company. Today, SpaceX is
already hard at work on their Starship vehicle, which they claim will take
humans to Mars in the next decade.

The design of reusable commercial space transportation solutions by Vir-
gin Galactic and SpaceX is only the beginning of a wave of commercially
driven innovations that will ultimately make space travel more accessible
to the wider public. These breakthroughs have ushered in an era where
space is now viewed as a major growth area, with the promise of large-
scale, sustainable access to space. We are already seeing an exponential rise
in the number of new companies, organizations, technologies, artifacts,
and infrastructure developing around the ESI.

1.2.1 The entrepreneurial space industry urgently needs
design

The ESI is developing very rapidly, with the entry of numerous private
companies all contending for an advantageous position in what looks to
be the creation of a sustainable, commercial space corridor. This situation
has led to an unprecedented set of design challenges. Up to now, the
only people who have been in space have been highly trained scientists
and military personnel, all of them extensively prescreened and highly
trained so as to be able to cope with the physiological and psychological
challenges of being not only in space but also in space-bound and space-
faring vehicles. Rockets and Space Habitats are cold, cramped, and visually
unappealing places engineered to achieve the minimum level of life support
in the harsh conditions of space.

Humans are confronted with at least three different categories of chal-
lenging experiences when visiting spacedgetting up into space, being in
space, and coming down from space. Each of these challenges is character-
ized by a set of unique and shared psychological and physiological stressors
on humans. Design can play a strong mitigating role in terms of increasing
the coping potential for nontrained people to get the most from their space
travel experience.
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Traditionally, astronauts received extensive training in preparation for
the challenges related to space travel (Fig. 1.2). In the absence of such
screening and training, any future involving commercial space travelers
will require design, if only to create space-bound environments that are
more in tune with the needs of this new class of nonscientific, nonmilitary
users. Designing space environments and experiences with public funds for
extensively trained users is one thingddesigning machines and environ-
ments for regular people is quite another.

Design has been a marginal input in space, perhaps due to cost sensitivity,
or perhaps due to a perceived lack of need on the part of the bureaucrats,
scientists, engineers, and military personnel who formerly led our Space Pro-
grams. Despite this, a few examples of design in space do exist, such as the
historic intervention of Raymond Lowey on Skylab in the 1970s. That
experience demonstrated the invaluable role of user-centered design, not
just engineering-centered design, in the aerospace industry [5].

Figure 1.2 S73-20236 (March 1, 1973)dThe three members of the prime crew of the
first manned Skylab mission dine on specially prepared Skylab space food in the ward-
room of the crew quarters of the Skylab Orbital Workshop (OWS) trainer during Skylab
training at the Johnson Space Center. Some of Loewy’s interventions included the cre-
ation of the wardroom (so the crew could eat together), trays capable of heating the
food, magnetic cutlery, squeezable plastic liquid containers, and above all, the window
in the vehicle that played a huge role in the success of the mission by giving the astro-
nauts a view of not only space, but also of planet Earth. Photo credit: National Aero-
nautics and Space Administration NASA, Regolith Formation, 1997. Available from: https://
www.nasa.gov/stem-ed-resources/regolith-formation.html. (Accessed 9 August 2020).
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1.2.2 Habitability, static environments, and the need to
create ad hoc solutions

To be truly habitable, future space environments must be able to accommo-
date a far larger number of occupants than what we are capable of today. To
accommodate the unforeseen, we need cases of large space-based popula-
tions. Therefore, the designers of future-oriented space environments
should concentrate at least part of their efforts on creating onboard support
systems with maximum flexibility. These factors will enable the occupants of
future space environments to be able to adapt to the changing psychological,
physiological, and operational needs of their future missions, which should
result in potentially higher levels of habitability, satisfaction, autonomy, and
safety for future generations of space-going people.

Being in space is risky and dangerous. Any activity that takes people away
from the safety and comfort of being on the Earth’s surface, where we have
evolved to survive, inevitably faces unpredictable and potentially dangerous
situations that may prove lethal. When experiencing such a crisis, the crew
of a space vehicle or space station will need to be able to improvise solutions
based on the nature of the problem or problems they are facing, and the very
limited resources available to address the situation. The famous example of
Apollo 13 improvising a CO2 scrubber while huddled in the landing vehicle,
a workaround fashioned by mission control during the mission after an
explosion rendered the remainder of the spacecraft uninhabitable, comes
to mind here. Very few formal studies have recognized, much less investi-
gated or reported on the importance of flexible and dynamic environments
when it comes to coping with the uncertainties of extended spaceflight [6].
Humankind literally has no track record along these lines beyond individual
astronauts setting orbital records and a handful of people inhabiting Skylab
and the ISS for extended periods of time in very small groups. Of the
work that does exist along these lines, only a tiny percentage even mention
design [7].

Until now, space-oriented habitability studies have been conducted
solely within static environments. While they are the precedent, preconfig-
ured, monolithic projects, artifacts, and environments are no longer suffi-
cient. It is impossible to imagine or simulate every potential issue or
situation that an extended manned spaceflight could possibly face. In the
study of Connors et al., flexibility discussions were limited mostly to aspects
of interior design and décor, with a focus on such things as movable parti-
tions, removable wall covers, and so on. It did not consider the entire
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support system [6]. The International Space Flight Crew Integration Stan-
dard document takes a similar approach, stating: “[the] ease of changing
decor should be considered ..”

The discussion surrounding design in space needs to move beyond aes-
thetics and the placement of the physical environment, as important as those
topics may be for future space-faring people. Design can also be used for ca-
pacity building in terms of much more imminent situations, such as a situ-
ation where a crew needs to deal with a potentially lethal crisis while
underway in an extended mission far away from any possible assistance
from Earth. This scenario alone obviates the need to transform the future
space-going environments of the burgeoning ESI to be dynamic as opposed
to static. A concentrated effort on the part of everyone involved in the future
of the ESI will be required to develop the necessary awareness, body of
knowledge, and tools to make this possible.

The H€auplik-Meusburger study is a good example of how the concept
of environment flexibility might be investigated [7]. In the study, the term
flexibility is explained as follows: “The habitat [which] allows adjustments
according to the requirements of the users, to changing mission tasks as
well as unforeseen social and mission related changes.” This description is
based on three thematic concepts: (1) spatial flexibility, which is the variation
in the size and locations of things; (2) object flexibility, which is the variation
in the use of things; and (3) individual flexibility, which is the user-initiated
variation of the use of things, which may include ergonomic factors. As an
example of using design to take into account these three types of flexibility,
here we present a flexible habitation module concept, designed previously
by one of the authors (see Fig. 1.3).

There is a practical need for environmental flexibility in our space-faring
platforms. It is certain that there will eventually be a need to design and
manufacture new equipment, tools and parts from a limited roster of existing
equipment, and tools, parts, and raw materials during a long-term spaceflight
emergency. This is not an idle claimdit already happened in the early days
of spaceflight with the Apollo 13 crisis. This historical example of a serious
unpredicted problem, which was dealt with inspiring creativity, occurred
during the Apollo 13 mission in 1970. At that time, earthbound engineers
devised a plan considering onboard materials to design and build a CO2

scrubber canister, the heart of the problem. The Apollo 13 crew survived
thanks to the engineers on earth and the instructions that they sent to the
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crew. The awareness, ability, and knowledge to be able to respond in a flex-
ible manner to a crisis must become a critical dimension of the success of
long-duration missions without resupply means. A disturbing question
emerges when one considers the Apollo 13 story in the context of a Mars
mission or even an interstellar mission, where the astronauts might not
have had the luxury of nearly real-time communications with Earth.

One way of addressing the inherent powerlessness and helplessness of
our current generation of static space-faring environments is to equip
them with their own design and manufacturing capabilities. This would
enable and equip crews to attain the high degree of environmental flexi-
bility they need to increase autonomy, safety, and consequently the likeli-
hood of mission success. This might be achieved using rapid prototyping
(RP) and additive manufacturing (AM) processes. With these tools and
techniques, ad hoc solutions could be brought into existence by the occu-
pants of the problem space themselves, on an as-needed basis. Given recent
advances in all aspects of both RP and AM, it is currently possible to envi-
sion a space vehicle featuring the onboard design and fabrication capability
to create multifunctional parts and tools using an increasing variety of
materials.

Figure 1.3 Design proposal for a flexible habitation module for the International Space
Station (ISS). Source: R. Tchakerian, Entrepreneurial Space Industry: The Role of Design in a
Newly Emerging Socio-Technical System (Ph.D. thesis). Iuav University of Venice, 2013.
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1.2.3 Additive and in situ manufacturing in aerospace: Needs
and implications

The implications of AM in aerospace can be divided into two categories: (1)
launch; and (2) mission. When it comes to launch considerations, weight is
everything. While full-blown Space Industry Entrepreneurship activities
will almost certainly decrease the cost of going up into space and also doing
things in space, physical factors such as overall payload size, weight, and the
ability of items within the payload to withstand g-forces represent a launch-
related reverse salient (a component of an overall technological system that,
due to its insufficient development, prevents the system in its entirety from
achieving its goals) that could hinder the entire industry [8].

Although AM cannot rectify all the launch implications, it approaches
the problem in a different way. Because of the way AM works, with almost
0% material waste, putting up the raw materials needed for AM means
incredible amounts of savings on weight and space, and therefore fuel
over the longer term [9]. As soon as in situ manufacturing technology
(IMT) capabilities have been put into place, it would then only be necessary
to send feedstock, overcoming payload limitations over the long-term,
paving the way for the construction of large-scale structures in space without
gravity-oriented constraints [10].

Until now, the design and manufacture of space-oriented systems has
been limited to deployable, erectable, or inflatable systems with predefined
limited monolithic geometries [11]. Also, most of the things that were
destined for use in space were overdesigned for safety purposes. With
IMTs in place, overdesigning systems ceases to be a requirement. The para-
sitic weight of spare parts can be avoided altogether. When a component
breaks, another can be manufactured from scratch, or the broken compo-
nent can simply be refurbished on site [12].

The design and manufacture of things in spacedfor use in spacedwill
be a new and exciting career within the ESI. In space, there is no gravity
to contend with when making things or using them, which opens up
many avenues of exploration for the “Outer Space Product Designer” of
the future. Doubtless, the earliest generations of this new category of
designer will need to demonstrate mastery of multiple domains of expertise.
Not only will they be tasked with the challenge of crafting a convincing
message regarding the proposed utility of what they propose to design,
they will also have to deliver a functional product design for a relatively
new means of production within an entirely new manufacturing context
and environment. The scope and possibilities of this potential career are
indeed daunting, but also very exciting.
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1.2.4 Next steps toward biodesign in space colonization
For all the reasons mentioned so far, future manned space activities need to
gradually develop total mission autonomy in terms of the ability to create ad
hoc physical solutions to emergent problems. Future missions must therefore
be designed to evolve in this direction, so they can build up their design and
manufacturing capabilities over time and in a measured and safe way. So too
will the environments and the tools used within those environments, all in
service to mission success. This flexibility is essential to overcome unex-
pected challenges as well as to guarantee the capability of physiological
and psychological adaptation through increased habitability and maximal
in situ efficiency.

In situ manufacturing technologies would certainly enable new onboard
countermeasures to overcome issues with monotony, reduced sensory vari-
ety, or sensory deprivation due to uniformity. Working environments can
easily be configured with onboard libraries of digital models, which can
be further customized to suit the needs of the occupants and the mission.
Similarly, the configuration of leisure spaces is possible based on events or
holidays, for example, replications of home-reminiscent situations, theatrical
performances, and parties. This was tried out aboard the Mars500 experi-
ment where the six occupants could reconfigure their space with the
available material onboard. The diaries found in Shackleton’s failed Trans-
Antarctic Expedition suggest that in a closed and confined scenario, it was
still possible to dress up and put on a show [13].

Dynamic-space design proposals in current design trends rarely consider
AM technologies. Instead, the current trends rely on variations of color or
predesigned configurations, which are modular but come with only limited
flexibility. A clear example is the ISS today, which has only elementary
levels of habitability [14]. Static spaces and laboratories tend to become
messy and overcrowded due to their lack of spatial flexibility. IMTs will
become indispensable to enable greater flexibility by allowing the creation
of artifacts both for operational use and to reconfigure environments to
suit the esthetic needs of occupants and their missions [3].

Space colonization poses many challenges and constraints. It depends on
our being able to dynamically adapt to unknown or changing environments,
more habitability to accommodate a growing population, and being able to
resupply resources as needed. AM and in situ manufacturing can be
compared to processes that happen in nature with locally available materials.
On Earth, this can be observed in the case of weaver ants using larvae as
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“living three dimensional (3D) printers” to create their nests by weaving
leaves together. Biomimicry, as imitation of form, function, processes, and
systems from nature, can provide many opportunities for design for aero-
space and future space colonization. Furthermore, organic materials such
as fungi can be grown within harsh conditions needing fewer resources in
a more sustainable way, creating new opportunities for production of build-
ing materials. These biological enhancements or hybridization of emerging
technologies can also play a role in future space colonization.

1.3 From biomimicry and bio-inspired design to bio-
enhanced and biohybrid design, technology, and
innovation

Drawing inspiration from nature to develop artificial or human-made
solutions is not new. Many examples exist where biologically inspired disci-
plines have evolved in the sciences and humanities, including arts and design.
From early anatomy and animal studies of Leonardo Da Vinci to mathemat-
ical properties of geometry and patterns in nature, design and innovation
have been inspired by nature for a long time. In arts and design history,
the “arts and crafts,” “modernism,” and “art nouveau” movements of the
early 20th century, as well as the organicism of the 1950s and the “blobjects”
of the late 1980s and 1990s, are only some of many examples [15].

In previous papers and books, the main author has discussed ideas around
biomimicry and design. In this chapter, bioinspiration can be understood as all
life on Earth as a source of inspiration and innovation in many different
fields. Bio-inspired design (BID) is the generic term for design and innovation
inspired by biological and natural forms, functions, processes, and systems
[16]. Within BID, bionics, biomimetics, and biomimicry are three widely devel-
oped bio-inspired disciplines among others. The word “biomimicry,”
defined by Benyus (1997) as innovation inspired by nature, has its origin
in the Greek bios, life, and mimesis, imitation. It proposes innovating by
seeing nature as (1) model, (2) measure, and (3) mentor [17]. Besides being
a “natural resource,” nature becomes a source of ideas and innovative solu-
tions for human problems and needs. While most authors agree on the sim-
ilarities among different BID methodsdmainly learning from nature with a
focus on innovationdpossibly the main difference of biomimicry with
other BIDs is being able to precisely emulate nature as a “measure” with a
focus on preserving nature and life. This also relates to ecological design,
environmental sustainability, and design for resilience [18].
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Biomimicry has been widely developed in the past few decades, but
there are also other movements that explore other relationships around na-
ture, biology, and design. From biomimicry and environmentalist move-
ment’s point-of-view, biotechnologies are often seen negatively as ways
of bio-utilization or bio-exploitation. In an economy of overconsumption, if
the use of natural finite resources is not enough, then further exploitation
of living organisms to produce these resources is required [16]. Classic exam-
ples would be industrially milking spiders to produce silk, or even the com-
mon practice of boiling silkworms alive to extract the silk from the cocoons.
However, we consider biotechnology can have negative, as well as positive
aspects. For example, there are ethical issues in biotechnology, where animal
cloning, human cloning, or the creation of new human-made hybrid species
and genetically modified organisms are widely debated. But on the other
hand, the inevitable and fast-paced development of new technologies and
biotechnologies has nowadays become a crucial part of research and practice
where design is not only inspired by, but mostly enhanced through nature, or
even blended with nature, in what we will call bio-enhanced and biohybrid
design.

According to Crutzen, we are in a postindustrial, postdigital age, also
known as the Anthropocene, the current geological age that started around
two centuries ago, where human activity has been the dominant influence
on climate and the environment [19]. While climate change and environ-
mental impacts of human activity are today broadly documented, research
around sustainability is also exploring new ways to develop sources for
renewable energy and materials through adequate use of nature.

Unlike biomimicry, where biological systems are seen as a form of inspi-
ration, biohybrid designs merge biological organisms with artificial systems
together to define new behaviors and features [20]. A recent topic of
research inquiry, biohybrid designs have been developed within a broad
range of application domains, including medical devices, architecture, and
robotics, among others. Within the context of design and space exploration,
biohybrid designs offer potentially revolutionary functionalities and perfor-
mance features when compared with their synthetic counterparts, for
example, the ability for self-reproduction and self-healing of materials,
with a reduction in the amount of initial material, which needs to be carried
in spacecraft. Other biological functions, such as adaptation to variable en-
vironments, process automation, and the production of useful compounds as
by-products, could all be useful in space colonization missions.
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A key research topic around biohybrid design is the development of new
“living” building materials and construction technologies. The essential
design challenge here is the steering of biological growth, sometimes actu-
ated using robotic elements and sensors, toward optimal shapes, patterns,
forms, and structures [21]. For example, the Living Weaves project demon-
strates the application of biohybrid design in an architectural system [22].
In this project, the researchers conducted an experimental investigation
focusing on the autonomous interaction of a diagrid structural system and
climbing plants. The team analyzed how different structural configurations
and environmental parameters, such as humidity and temperature, could be
adapted and used to influence growth to recreate a Kagome structural
weave.

The integration of biological organisms within construction and building
elements has significant potential for impact within the field of in situ
manufacturing [21]. The LivingWeaves project represents a first step toward
this integration. By using living plants or animals as the biological system,
living materials can provide several advantages over standard synthetic con-
struction materials. These include self-repair or healing, increased growth
and adaptation, resilience to caustic environments, and support of biodiver-
sity. While this is mostly valid in environments on planet Earth, some of
these characteristics might be replicated successfully on other planets too.

Along biohybrid construction technologies, biohybrid robotics is a widely
explored field in its own right. Biohybrid robotics are a new paradigm of
machines, which integrate artificial structures with living cells [23]. To
date, biohybrid robotics is strongly driven by the need for better machine
actuators. Applying biohybrid design, biohybrid robotics can directly exploit
the advantages of molecular motors found in nature, which have evolved over
millions of years, by interfacing them with machine components. In those
terms, biohybrid actuators, which interface biological cells and tissues with
artificial components, can transcend the capabilities of conventional motors.
Biohybrid actuations provide robots with the ability to exploit the intricacy
and efficiency of biological motion, motility, and locomotion. This can be a
good step toward design solutions for new forms of efficient propulsion in
space travel, enabling more adaptive mobility in different terrains and con-
ditions of other planets.

The field of robotics can also open possibilities for new forms of collec-
tive intelligence within mixed animalerobot collaboration through biohybrid
communication technologies [24]. For example, autonomous robots have
been developed to collaborate with animal groups such as cockroaches
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[25] and chickens [26]. In these experiments, the artificial elements are not
meant to replace a biological agent. Instead, their purpose is to provide sen-
sors and actuators to enable new abilities for the group. By coupling the
distinct biological capabilities of animals and the artificial capabilities and
functions of robots, this research explores the design of new biohybrid capa-
bilities where different agents within a system may perceive information or
perform physical tasks that would not be possible as individuals. The field of
biohybrid roboteanimal systems, which lies at the intersection of collective ro-
botics and social behavior, has only begun to be explored. However, when
considering the design of future space habitats consisting of humans, animals,
artificial intelligence, and autonomous robots, the biohybrid roboteanimal sys-
tems research could provide deep insights into combining all these elements
to form a society with profound new abilities at the collective level.

While researchers can speculate about the advantages of biohybrid systems
in future applications, there are many challenges and future implications. For
example, a major challenge in biohybrid systems is to accurately model the
development of the system over time. Because biological systems are chang-
ing over time, there is a radical shift in the act of design, from design as “the
determination of form” toward design as “the steering of a process.” Ac-
cording to Ayers et al., support for designing with multiple timescales is a
critical consideration when humans, robots, plants, and material-
depositing animals are combined. Therefore, special modeling approaches
need to be developed to design spatial configurations of biohybrid processes
and systems at different timescales. New modeling techniques, such as algo-
rithmic design, can be used to generalize processes to incorporate both short
and long time periods. For example, when considering designing for robots
or humans, it would be necessary to work in seconds or minutes. However,
for plants and animals, the timescale could be hours, days, or even weeks,
months, and years. Moreover, biohybrid processes when combined with
new modeling techniques would enable the creation of dynamic environ-
ments within future spacecraft and human-made habitats.

Biohybrid design is still in its early stages and requires the transdisciplinary
collaboration among disciplines such as material sciences, biology, engineer-
ing, and design. Biohybrid systems design is an attractive proposal within space
exploration to address issues such as the “resupply problem” and “dynamic
space environments” while leveraging in situ resources to produce useful
materials, objects, compounds, and habitats, through processes of hybridiza-
tion, self-healing, and self-reproduction. Examples of approaches to bio-
enhanced design, where nature is not only a source of inspiration, but also
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one of the main components or elements of the design, and also of biohybrid
design, where biological and technological systems merge seamlessly, can be
illustrated through movements such as Next Nature, Material Ecology, and
Biodesign, discussed in the next section.

1.3.1 Next Nature, Material Ecology, and Biodesign
1.3.1.1 Next Nature
TheNext Naturemovement proposes that as human beings we are one of the
main forces of nature. The rapid advances of technology have created a world
that is increasingly blending nature and technology, blurring the lines be-
tween the natural and the artificial world. Human-made technologies are
producing new biotechnologies that are now creating human-conceived nat-
ural elements. From the famous and widely debated cloning of sheep Dolly in
the 1990s to current biotechnological developments in genetic engineering,
our society is strongly advancing through the development of technologies
that utilize nature in previously unimagined ways. Technologies such as clon-
ing of animals or tissues, in vitro reproduction, and new proposals such as arti-
ficial meat grown from genetic material are constantly pushing boundaries,
while creating controversy and raising questions around new ethical issues.

Koert van Meensvoort has coined the term Next Nature to convey the
current process of hybridization of nature and culture: “Covering our natu-
ral environment with a layer of language, technology, and economy, we
have modified our living environment and transformed it into a technolog-
ical interface” [27]. According to Van Meensvoort, the folding of biological
and technological dimensions of reality is revolutionary and signifies a new
stage in the evolution of design. He has created a speculative designmovement
called the Next Nature Network (NNN), an organization that promotes
future scenarios and applications of nature-mimicking products and services.
The NNN provides an alternative route to biomimicry in the context of the
aerospace industry because it brings a pragmatic approach to transdisciplinary
design. The traditional understanding of the environment as a natural space
has changed to embody technological spaces and systems that pervade our
atmosphere such as wireless data infrastructures and satellite-based
communication.

Next Nature proponents blur and hybridize the traditional divide be-
tween the artificial, human-made, and technological, versus the natural or
biological. Nature is seen as a dynamic entity that is now transformed by
new technologies, creating a hybridized and symbiotic technonatural or
naturotechnical future. Cyborgs, cybernetic organisms that are part living
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and part machines, conceptualized in the 1960s and endured for many years
as a part of science fiction movies, are now becoming part of this Next Na-
ture. Technologically enhanced living organisms are all around us. From
pacemakers to prosthetic devices that create a new generation of superath-
letes, to robotic exoskeletons with military applications, the list of technol-
ogies enhancing human or animal bodies and minds is growing day to day.
Furthermore, nanotechnology and future nanobots will affect living organ-
isms not only at the body scale but also at the microscopic or cellular scale
too.

The list of technological enhancements to nature, and biological en-
hancements to new technologies, is endless. Next Nature proposes new
“technonatures,” and a knowledge of our world, within social natures,
where nature is increasingly technologically mediated, and where the syn-
thetic meets the organic, and the artificial world meets the natural world.
Next Nature proposes a present and future where humans and the
human-made are not opposed to nature, but rather a part of a new nature
which is coevolving, and where technology is a driving force for evolution.
In this regard, NNN is radically changing people’s vision of the world. As
noted by Van Meensvoort: “We must no longer see ourselves as the anti-
natural species that merely threatens and eliminates nature, but rather as cat-
alysts of evolution. With our urge to design our environment, we create a
‘next nature’ which is unpredictable as ever: wild software, genetic surprises,
autonomous machinery, and splendidly beautiful black flowers. Nature
changes along with us!” [28].

1.3.1.2 Material Ecology
Along similar lines of transdisciplinarity and blurring the boundaries be-
tween humanities and science, more specifically around architecture, design,
engineering, and biology, another relevant proposal related to the current
evolution of bio-enhanced design is “Material Ecology” proposed by
Neri Oxman, a researcher from the mediated matter research group in the
MIT media lab. Oxman states that we are moving into an era that has
evolved from biologically inspired design to nature that is affected, and
even enhanced by design. Oxman observes: “In the Biological Age,
designers and builders are empowered to dream up new, dynamic design
possibilities, where products and structures can grow, heal and adapt. But
striding Nature’s way is far from natural. It requires a change in the way
we see ‘Mother Nature’, from a boundless nourishing entity to one that
begs nourishment by design. As we master ‘unnatural’ processes at a speed
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and sophistication that dwarfs evolution, Material Ecology propels us into
the age where we mother Nature by design” [29].

Oxman defines Material Ecology as “an emerging field in design denot-
ing informed relations between products, buildings, systems, and their envi-
ronment.” Material Ecology is also “the study and design of products and
processes integrating environmentally aware computational form generation
and digital fabrication. The field operates at the intersection of Biology, Ma-
terials Science, Engineering, and Computer Science with emphasis on envi-
ronmentally informed digital design and fabrication” [30]. These types of
thinking around bio-enhanced design are also related to what some re-
searchers have called the field of “Biodesign.”

1.3.1.3 Biodesign
There are many interpretations of what Biodesign is or can be. Definitions
range from a very pragmatic and focused transdisciplinary approach with
medical applications and innovations for biomedical innovation and entre-
preneurship (developed by centers such as the Stanford Biodesign program
or the Sydney Biodesign program) to experiments, physical or conceptual,
with living organisms in design. These experimental approaches include
the growth of organisms such as fungi, moss, algae, or natural silk as building
blocks for design applications. Other examples include combinations of
living and nonliving materials and technologies, like living or grown mate-
rials attached to nonliving substrates, ranging from applications like growing
moss on buildings, to 4D printing of biological composites engineered to
react and self-transform.

In the book Biodesign: Nature, Science and Creativity, Myers discusses
different examples of this broad conceptual and experimental Biodesign
approach [31]. He argues that Biodesign goes beyond mimicry and imita-
tion, to an integration of biological processes to synthesize new hybrid
design typologies, where biomimetic and biological processes replace indus-
trial, mechanical, and digital processes. Often, these biological technologies
use or produce renewable materials and are less energy-intensive than indus-
trial processes, thus leading to design for sustainability. Biodesign is also
creating new future design scenarios and fictions for a posthumanity in
the age of synthetics. Other researchers in Biodesign even propose that bio-
logical and biotechnological processes will be the main drivers of the fourth
industrial revolution, as Biodesign is opening previously unimaginable new
possibilities for designers and engineers. Thus, Biodesign has even become a
new course in some higher education institutions [32].
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1.3.2 Hybrid approaches to nature, culture, and emerging
technologies for aerospace

Future-oriented, bio-inspired and biohybrid design are the embodiment of a
designer’s agency upon both nature and technology. It is a creative power
that shapes Next Nature according to a mix of different natural and techno-
logical degrees of agency. Bio-inspired and biohybrid design can emerge
either from human intentionality or from autonomous technological pro-
gramming, depending on situated processes of user experiences. As part of
this process, biomimicry and biodesign as design practices come from human
intentionality that is an expression of technological culture, as an enactment
of a hybrid form of agency between biological and human intelligence, with
artificial intelligence (AI).

From the standpoint of local systems of production, human intentional-
ity will play a bigger role. However, on a planetary and interplanetary scale,
the role played by autonomous agents and AI acquires more importance,
since these agents are responsible for active responses and inputs in the design
of new navigation systems. Mobile technologies have become key elements
in biohybrid design, mediating individual expressions of creative agency and
the reality of space exploration. These interfaces are becoming more
and more intertwined with AI, making the distinction between human
and nonhuman systems even harder to differentiate. From an individual
perspective, digital interfaces are an unavoidable element in biohybrid design
since we rely on visualization technologies to access various levels of bioac-
tivity. Not only the microlevels of biology are technologically mediated, but
also the macrolevels of aerospace design rely on digital interfaces.

In addition to this dependence on technology, designers working with
biological approaches to design have also faced a significant challenge
when addressing the issue of multispecies. Donna Haraway has provided
us with a powerful theoretical tool to conceptualize multispecies design
with her proposition of naturecultures as the more-than-human worlds that
arise from the many overlaps between multiple biological species and tech-
nological autonomous agents [33]. Naturecultures represent “the necessary
entanglement of the natural and the cultural, the bodily and the mind,
the material and the semiotic” [34] that is a condition of Next Nature and
that stands as the background of biohybrid design. Our technological infra-
structures have become truly planetary and responsive. Our understanding
of the user in the context of naturecultures has expanded from the level
of human agency into the level of planetary and interplanetary systems
brought together by hybrid systems of human and technological agents.
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Naturecultures point to the collapse of rigid boundaries between human
and nonhuman categories of user interactivity. In the context of emerging
technologies such as pervasive computation and hybrid intelligence such
as autonomous driving cars and the Internet of Things (IoT), the fluidity
of data flows mediated by responsive sensors is in itself evocative of the bio-
logical patterns of living systems. Design responds to nature in ever more in-
tegrated ways, such as smart wearables that adjust to the weather and many
other material surfaces that use AI to respond to environmental changes [35].

The potential these emerging technologies show in relation to bio-
mimicry, biodesign, and aerospace is phenomenal, particularly due to the ac-
commodation of scale changes. Autonomous agents enable the expansion of
design from the social dimension of human experience into the interplane-
tary dimension of space exploration and engineering. A new kind of space
imagination becomes possible: We can begin to conceptualize new net-
works of interplanetary geoengineering artifacts [36], and even new infra-
structures for interplanetary computation [37]. Our understanding of
habitat as a natural category that is Earth-centric also begins to be challenged,
as we begin to speculate the design of technological habitats in outer space.

The role artificial intelligence might play in the future of bio-inspired
and biohybrid design for aerospace might be grounded in either material
or cognitive-based applications. Human subjectivity in outer-space habitats
will face new challenges derived from isolation. Technological functional-
ities that rely on hybrid patterns of interaction between human and artificial
entities are the norm in these environments. The severe limitations placed
on the expression of human subjectivity in interplanetary travel will have
unforeseen consequences, which can be handled through adaptive design.
As discussed earlier, biomimicry and biodesign in aerospace must engage
with the psychological elements of human intentionality mediated by
autonomous agents.

Traditional computational systems place the user in complete control of
operations. Humanemachine interaction used to follow a clear hierarchy in
which human intentionality determined functionalities. With the advent of
smart technologies, the same is not true anymore. Automated sensors can
trigger intelligent decision-making processes and machine performance in-
dependent of direct human communication.

In the context of AI, the relationship between design and human agency
is not a given anymore. Technological mediation enables the design of
responsive digital materials: “compositions of physical devices and digital
code that function as substrates that can register activities and make them

20 Carlos Montana-Hoyos et al.



visible as traces” [38]. Biohybrid design, in this context, is enabled by a dy-
namic field of interaction between natural and technological agencies. The
combination of AI, biotechnologies, and planetary computation is revolu-
tionizing the fields of biomimicry and biohybrid design, especially when
applied to space colonization. New hybrid approaches like the ones here
described challenge the distinction between different categories of users,
and by doing so generate new ethical questions in relation to the limits of
this process of integration.

1.3.3 Other considerations and potential future implications
The development of new artificial and biological technologies and their
multiple hybridizations undoubtfully raises multiple questions around envi-
ronmental, ethical, and many other considerations and future implications.
While many of these speculative and experimental approaches are provoca-
tive and propose exciting future opportunities, they may also appear to be
arrogant, within an Anthropocentric thinking perspective (human as
creator/dominant/superior), which focuses on using or even “abusing” na-
ture and can go against it. This type of thinking has been a major element and
the root of problems which date to the Industrial Revolution, with negative
implications such as environmental impact and climate change. While
debating the implications of such approaches is not the main topic of this
chapter, briefly, in our opinion, sustainability and design for resilience should
be a main consideration for design [18], and new thinking paradigms should
consider not only traditional and anthropocentric user-centered or human-
centered design approaches, but even multispecies-centered or life-centered design
approaches where protection of life and the environment is the main objec-
tive. In those terms, biomimicry, seeking symbiotic relationships, and imita-
tion of ecosystems remain very important for design, and it is precisely the
guiding principle of nature as a measure that provides a focus on preserving
life to promote sustainability and design for resilience [16].

1.4 Applied research into biomimetic and algorithmic
design

As defined by Resnik, ecological thinking is an approach that takes into
consideration the relationship and interaction between entities and their
environment [39]. It promotes a radical change in a design perspective,
where the form and the materiality of design artifacts are expressed as the
convergence of different knowledge fields, such as biology, physics,
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chemistry, complexity and emergence, new materialism, and computation.
Within this framework, matter is an active morphogenetic agent; it embeds
the rules for the generation of its own morphologies [40]. In this way, the
organization of material system behaves in a way that facilitates a continuous
exchange with the environment. Ecological thinking and systems theory are
useful theoretical frameworks to guide the design process, in the represen-
tation of the complexity of the interconnections between different entities.
The study of the system, which in other cases we can call context if we are
talking about a product or “site” if we are talking about a building, is the
core of the process. We need to know its parts; we need to understand
how those parts are working, and then we can operate within it. Design
here is about the identification of the cycles within the boundaries of the sys-
tem, to allow a design artifact to engage with these cycles. Understanding
these economies of matter, energy, and information as the driver of
morphologic systems able to manage formation and transformation processes
is essential to achieving more ecologically conscious and integrated design.
This section presents two projects designed by one of the authors and exem-
plifies the ecological thinking approach described earlier.

1.4.1 How algorithmic design is enhancing the biomimetic
approach

There are many definitions and approaches to computational, parametric,
and generative design [41], including those which embed machine learning
(ML) in the design process [42]. In this chapter, we will use the term algo-
rithmic design to name the design process that embraces many different
computational modeling techniques spanning from physics-based simula-
tions and parametric design to ML. Many design disciplines from architec-
ture to product to aerospace design use algorithmic design to represent a
design artifact as a series of interwoven parts, which make up a complex sys-
tem. Designing with algorithms and simulations means organizing data into
virtual objects. These malleable objects are able to adapt themselves to estab-
lish new relationships within the system they operate.

Algorithmic design is a powerful tool to facilitate and enhance biomi-
metic design. There is an established tradition of using algorithms as a tool
to analyze and represent biological behaviors. In turn, algorithmic design ap-
proaches provide a way to embed designed behaviors within design artifacts. In
this approach, design artifacts can be represented as a part of a complex sys-
tem. By representing a biological system algorithmically, it is possible to
instrumentalize it within the design process as a source of inspiration.

22 Carlos Montana-Hoyos et al.



Wedo not have tomerely copy nature fromwhatwe see, from itsfinal per-
formance, but we can study and understand the logic behind natural phenom-
ena andbuild on this logic to create newartifacts.Nature is oftenused as a source
of inspiration for optimization algorithms [43], a theme that is well explored in
engineering to define the best performing solution for structural components,
for example. Here, we open the interpretation of nature in the design process
as the idea of “in-formation”: a design where there is no difference between the
physical and virtual. In doing so, we also open the possibility to welcome
the errors and so explore the possibilities of mutation, which is the ability
of the processes to generate novel solutions. In synthesis, we suggest avoiding
looking at nature as perfection personified. Evolution is the fruit of millennia
of progressive refinements. Perfection as a concept is something static, which
does not need anything more or anything less. We need to see nature as a
continuous change, as a proponent of new conditions and new possibilities.

1.4.2 Behavioral protocols: using inner and outer forces
Understanding the dynamics of a system is important in an algorithmic
approach. It is possible to distinguish these components in mainly inner
and outer forces. Force here is used as in physics, as any interaction, usually
synthesized with vector qualities, which has the capacity to change the status
of an object. Borrowing the terminology from genetics, we can indicate in-
ner and outer forces as the genotype and the phenotype of a project, respec-
tively. More specifically to design, the inner forces are the rules that are
generally necessary to fulfill the main needs driven by the user. The outer
forces are related to the physical or cultural conditions of the environment
or system. These outer forces could be the wind flows or the solar radiation,
the alcohol consumption of a community or its conviviality customs, and the
material system and building technology. The formation of the projects is
realized through the synthesis of both design genotype and phenotype.

This approach is tested in projects like the man in the high nest, a prototyp-
ical birdwatching tower developed for the Pape natural park in Latvia
(Fig. 1.4). The formal configuration of the tower is a combination of the
behavioral protocol to define the body of the architecture from inside-out
and the specific position in the park, to determine the best point of obser-
vation for that specific location. The tower in fact was thought to be a tower
typology able to adapt its features to the local condition; same parts, but
different manifestations. The algorithm designed for the genotype is
defining the tower typology and the apertures that are the visual organs of
the towers, easy to reconfigure in terms of size and orientation.
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This project’s priority is the view framed by the eyes, so the landscape
itself defines the phenotype that configures the geometric primitive. The
project is a hyperspecialized software that does that specific building, but
with the possibility to perform different formal manifestations. A virtual
body is able to reconfigure according to different conditions. The form is
not something you design, but something you welcome and then work
to refine within the new boundaries (Fig. 1.5).

In the context of future planetary colonization, the biomimetic and algo-
rithmic principles could be valid tools to define new settlements. For
example, as a starting point, we would need a sensing limb and a system
of terrestrial and aerial probes, able to capture data relevant for the specific
site at different scales defining the phenotypical information. The genotypic
information relies on the program, spatial needs, and behavioral studies. An

Figure 1.4 “The man in the high nest,” a prototypical birdwatching tower that demon-
strates the use of biomimetic and algorithmic design approaches. Source: Mirko
Daneluzzo.

Figure 1.5 Algorithmic form-generation process based on biomimetic principles for:
“The man in the high nest” project. Source: Mirko Daneluzzo.
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example by other researchers is the Embryologic Houses project, where “many
of the variations come from an adaptation to contingencies of lifestyle, site,
climate, construction methods, materials, spatial effects, functional needs and
special aesthetic effects” [44]. All these forces influence the design in
different directions. Interweaving these data points creates a vector field
that considers all these parameters. Again, in this example, the design process
is not about adding features but performing behaviors.

This matrix of conditions generates data for the software tool to
configure the form as a synthesis, as the space able to satisfy many conditions
at the same time. The construction would be responsive to the context in
the sense that the two separate constructions would share the operative prin-
ciples but differ in the specific configuration, adapted to maximize the ben-
efits, as intended in the algorithm. To reinforce the idea, we can imagine a
tree that is growing, and the shape it takes while being influenced of course
by gravity, wind, and solar exposure.

1.4.3 Behavioral protocols: Absorbing the context
In the observation tower project, the context and the building are inter-
woven because of the active role of the external forces in shaping the proj-
ect. There is another level to work with for the embodiment of the context,
which is a consideration of the material system. In the case of the tower, the
lower part has a thatch, which covers the building, and it fades away to reveal
the structure that opens up like roots. These parts of the structure
support the surrounding plants that are growing on it, and in this way,
they complete the building. The tower enclosure is a biohybrid between
an organized scaffolding and the natural growth of the plants. The vegeta-
tion is part of the design, and the building is driving the fusion between itself
and the environment. The building becomes landscape, with this intention-
ality of creating confusion (Latin confusio(n-), from the verb confundere, “mingle
together”). This inclusive way of considering the elements of the surround-
ings is not defining confined entities but denotes transitions.

This idea of blurring the boundaries has been explored in another obser-
vation tower, a project titled Supernatural Concre(a)tion (Fig. 1.6). The build-
ing, in this case, works in the harsh desert landscape in the vicinity of Dubai.
Like in the previous example, the structure of this tower uses the material as
a medium for the “confusion” with the surrounding. Here the structure is
made by 3D-printed components where the extruded concrete is mixed
with local sand, a proposed type of IMTs. The outcome is a surface that
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maintains the roughness of the layering coming from the printing process
and, in addition, a microroughness coming from the sand used to make
the mixture. The surface so configured is granular and porous, and it is a sup-
port to catch other external sand grains carried by the wind. The surface is
not merely a boundary to the surroundings, but on the contrary, it is
absorbing it. The building is potentially reinforced by the context, and
the envelope becomes a medium that is transforming the building over
time. This technology can develop objects that are in strong relationship
with their surroundings, which embrace nature and create a new nature.

This approach of blurring the boundaries could become more ubiquitous
thanks to the development of IMTs. It could be a superior construction
approach for future planetary colonization. It uses not only the great advan-
tage of building directly on site but also the fact of using materials that are
abundant on that site, without the logistic problem of moving parts for
the first case, or material for the second one.

1.4.4 Bio-affected protocols and in situ manufacturing
technologies: A potential for future planetary
colonization

When we refer to IMTs, we have different approaches. In general, we can
consider them as AM technologies, or technologies that are able to stratify
materials in layers, according to numerically controlled computer instruc-
tions. The application of these technologies for planetary colonization is
much easier to conceptualize than to implement. There are obviously

Figure 1.6 Supernatural Concre(a)tion, observation tower proposed for deserts in the
United Arab Emirates, which proposes novel IMTs and biomimetic behaviors. IMTs,
in situ manufacturing technologies. Source: Mirko Daneluzzo.
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many obstacles to overcome, but the need to solve these problems is pushing
the boundaries of applications on Earth, and the more we gain experience in
reusing local materials here on Earth, the more we will gain information we
can use for extraterrestrial colonies.

In situ manufacturing technologies present numerous design challenges.
The first thing to consider is the recipe of the material, considering how
the local resource could be used, as a binder or as an aggregate, for example.
The resulting mixture must be evaluated and calibrated for extrudability, in
other words, the ability to flow out from the nozzle according to the applied
pressure. The mixture must be able to offer stability of the shape in the hard-
ening process. Once we overcome the problem of defining the mixture, there
is the issue of production in a noncontrolled environment, where there are
fluctuations of temperature and humidity that are influencing the capacity
of adhesion of the mixture. Again, the same approach applied to the defini-
tion of the form could be used in a more sophisticated way to control these
aspects of the production.

The combination of supervised ML, real-time data capturing [45], and
the possibility to intervene dynamically in the properties of the mixture
could allow us to define algorithms that are able to adapt to different oper-
ational conditions so that corrective measures can be taken to prevent defects
in the final result. Aside from the efficiency need, the real potential is to
research how this intelligence could be fed back into the design process,
creating feedback loops between the material system and the overall form
of the building. The power of the algorithmic methodology is in creating
connections and relationships. The future unfolds opportunities where those
relationships could be expanded progressively, giving increasingly more au-
tonomy to the design process.

1.5 Bio-inspired, bio-enhanced, and biohybrid
engineering: Speculative design concepts for space
colonization

While the resources found around bio-inspired, bio-enhanced, and
biohybrid design are full of examples in architecture, product design, wear-
ables, robots, and other design and technology applications, we found fewer
examples that specifically address the needs of commercial aerospace indus-
try and future space colonization scenarios. Nevertheless, in this section, we
discuss some of the most relevant examples, which are mainly future engi-
neering concepts or speculative designs, rather than projects with short-term
feasibility or applicability.
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In the scientific field of production of organic materials, researchers from
the University of California, Berkeley, have been working on a biohybrid
technology combining bacteria and nanowires that capture sunlight to
convert carbon dioxide and water into building blocks for organic mole-
cules. While mainly a biohybrid technology, the system is also biomimetic as
it mimics photosynthesis, which occurs in plants to convert carbon dioxide
and water to carbon compounds, mostly sugar and carbohydrates. As noted
by the researchers, “if humans ever hope to colonize Mars, the settlers will
need to manufacture on-planet a huge range of organic compounds, from
fuels to drugs, that are too expensive to ship from Earth. On Mars, about
96% of the atmosphere is CO2. Basically, all you need is these silicon semi-
conductor nanowires to take in the solar energy and pass it on to these bugs
to do the chemistry for you. For a deep space mission, you care about the
payload weight, and biological systems have the advantage that they self-
reproduce. You don’t need to send a lot. That’s why our biohybrid version
is highly attractive” [46].

In the area of robotics, a group led by Barbara Mazzolai, from the Italian
Institute of Technology, has developed “Plantoids,” which are robots that
replicate the behaviors and mechanisms of plants, especially growth. Initially
developed in the early 2000s, this project was first published in 2010. With
the aim to develop robots that could monitor soil and air, the team chose
plants as ideal examples in nature. While many potential applications of
this type of biomimetic robot have been speculated, some of the most inter-
esting and relevant uses are for the aerospace industry. As noted by Mazzolai,
“anchoring is an open issue in space applications, the idea was to implement
this capability to anchor on other robots as well, integrating it on other ma-
chines” [47]. The Plantoids project has also been funded as part of the
Ariadna project by the European Space Agency (ESA), where one of the
main research topics is biomimicry for “behavioral models, structures and
materials, mechanisms and processes, sensors and communications, surviv-
ability, and adaptability” [48].

Within the lines of ESA’s research around biomimicry, another inter-
esting example at the architectural design level is the 2012 project for lunar
habitation by the architects Foster and Partners. In view of the challenges of
transporting materials to outer space, this project explored the possibilities of
3D printing technologies and regolith, as building processes. Regolith is
loose, unconsolidated rock, mineral, and glass fragments in the moon’s sur-
face, a product of meteorite impact [49]. While many researchers have
compared 3D printing to processes in nature such as the production of
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silk by spiders and other insects, in this specific project, the biomimetic
approach was in the development of a lightweight 3D printed shell made
of hollow, closed cellular structures, like foam, and inspired in biological
material [50].

As part of her conceptual and speculative design research, Oxman and
her team designed in 2014 what they named “futuristic wild biomorphic
spacesuits designed to survive hostile planets” to speculate about a future
of bio-augmented wearables for interplanetary travel, using design fiction
to create these conceptual designs. This project proposes a speculative and
conceptual solution, offering a glimpse to a future where “biology is synthe-
sized for functionality that goes beyond what’s possible with traditional ma-
terials” [51]. It could be argued that this project is bio-inspired, as many of
the forms mimic natural elements. However, the concept is also bio-
enhanced, or even a biohybrid.

A recent project related to fashion, product, and apparel design for aero-
space is the Caskia project, to grow boots for Mars, from mycelium. The
project was developed by Liz Ciokajlo, of OurOwnsKIN, in collaboration
with the founder of Officina Corpuscoli, Maurizio Montalti, and was pub-
lished in 2017 as part of an exhibition at the Museum of Modern Art
(MoMA). According to Officina Corpuscoli, “the project addresses the re-
strictions characterizing space travel and the need to optimize logistic needs,
by minimizing the quantity of required matter (fungal mycelium spores)
loaded in the craft at launch and by later growing materials and tools during
the journey toward Mars. In this scenario, astronaut’s sweat is filtered and
combined with fungal mycelium, partly feeding the fungal culture for the
generation of grown materials, raising debate about how much of our
own bodies can be repurposed as a material source for producing fashion
items in space and on Mars” [52].

NASA has also explored mycelium material for architectural applica-
tions, in what they have named “mychoarchitecture off planet.” Fungal
mycelium materials are already commercially produced, are known insula-
tors and fire retardants, and do not produce toxic gasses. Possible advantages
of using these organic materials for in situ growth in other planets include
energy and space savings during transportation, a self-produced composite,
and a self-replicating material that can be extended or self-repaired. Further-
more, as explained by Rothschild, “Mycelia are more flexible and ductile
than regolith alone. As a standalone material or in conjunction with agglu-
tinated or sintered regolith, a mycotectural building envelope could signifi-
cantly reduce the energy required for building because in the presence of
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food stock and water it would grow itself. After the arrival of humans, addi-
tional structures could be grown with feedstock of mission-produced
organic waste streams” [53].

1.6 Current research in the Dubai Institute of Design
and Innovation: Case studies with undergraduate
students

Biomimicry and bio-inspired design have become very important
topics in education and research. Since the middle of the 20th century,
many courses in engineering, architecture, and design have used nature
and biology as a source of ideas. Some of the most relevant cases in design
education are the inclusion of bionics and biomechanics in many design
courses in the 1970s and 1980s, as exemplified in the now classic book,
Design for the Real World (1971), by Victor Papanek, where he describes
“biological prototypes in design” [54]. More recently, approaches to bio-
design, speculative design, and design fiction, among others, have become
very important in design education too. As such, we as a new design univer-
sity in Dubai have also incorporated such topics in our curricula and research
plans.

The Dubai Institute of Design and Innovation (DIDI) started classes in
the fall of 2018, based on curricula from the Massachusetts Institute of Tech-
nology (MIT) and the Parsons New School of Design, both top innovation
and design universities. As part of DIDI faculty work, the curricula had to be
adapted and refined based on many factors, including the overall vision
established for DIDI, faculty expertise, a national innovation agenda, cultural
background, needs of the local students, and other issues.

In 2019, as part of a first year second semester studio, the course “How to
Design (Almost) Anything,” based on a similar course fromMIT, was taught
by four of the authors. This studio is part of the first-year foundation pro-
gram, and the main project, developed in three phases during 15 weeks of
a semester, was titled Symbiotic Creatures. The objective of the course was
for students to develop a conceptual, futuristic symbiotic creature, based on
research around current emerging technologies and how these new technol-
ogies are changing our life, and projecting this into the future by imagining
design scenarios for year 2050.Design fictionwas the main methodology used
to enable students to explore future scenarios. As explained by the Joint
Research Centre of the European Commission in 2014: “Design fiction is
an emerging area of design research that develops speculative design projects
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(objects, visuals and narratives) to question the implications of existing and
emerging technologies. Situated between science fact and science fiction,
design fictions aim to suspend disbelief about technological change.
Depending on the viewer, design fictions can be read as anything from
cautionary tales to utopian ideals” [55].

While the objectives of the course did not explicitly mandate the use of
biomimicry, or design for space colonization, these topics naturally emerged
in many of the student projects around future scenarios potentiated by
emerging technologies. While no formal surveys were conducted, we hy-
pothesize that this was partly due to students’ prior exposure to other courses
and workshops where we touched upon some of these topics. For example,
as a part of some open-access workshops offered by DIDI, the workshop
titled “Living on Mars” was taken voluntarily by many of our current stu-
dents before they joined DIDI. Furthermore, all students had previously
been exposed to different approaches to biomimicry, bio-inspired design,
and biodesign, through the course “Design Across Scales,” taught in the first
year, first semester, by the main author. The original course comes from
MIT and is taught by Neri Oxman and Meejin Yoon. While the original
MIT course was a very practical, hands-on, fabrication-workshop course
type, our DIDI version was adapted as a theoretical lecture course where stu-
dents were exposed to a broad variety of different views of design across very
different scales, from nanotechnology to space colonization. The course in-
tegrates aspects of traditional design with technology and science in a trans-
disciplinary way, using concepts and examples not only from biomimicry
and biodesign, but also from nanotechnology, biotechnology, information
technology and cognitive science (NBIC), sustainability, robotics, systems
thinking, material sciences, and others. In the first iteration of the “Design
Across Scales” course, design and technology topics were understood
through the lens of biological processes, by identifying verbs such as
“mutate,” “grow,” and “reproduce,”while exploring biological, technolog-
ical, and designed systems, which represented these concepts.

The interpretation of the title “symbiotic creatures” also led to biological
approaches to design. While the project was focused toward a critical and
systemic understanding of emerging technologies and their applications
and implications for the future, the research around “symbiosis” forced
the students to think in biological terms. Furthermore, some students also
interpreted “creature” not as a conceptual entity or artifact, as was the orig-
inal intention by the professors, but rather literally as a living or mutant
creature.
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1.6.1 Case study one: “Cryo-Slug”
A case study to illustrate the process our students followed is the project
“Cryo-Slug” by students Amber Lowe and Nuha Aneez. The technology
that students selected to visualize their future was cryogenics, as a potential
technology for sleep and life extension. By studying the harsh conditions in
Mars and the availability of materials and resources, the project conceptually
proposed a bio-engineered “cryo-slug” as a capsule or compartment for
sleep and protection of humans in Mars. Cryo-slug envisions the engineer-
ing of a creature to metabolize iron oxide and radiation from the mars
environment and is activated by the low temperatures on the planet.
Fig. 1.7 shows the poster students developed after 5 weeks of research, to
visualize their future scenario.

In this project, the students explored and researched different types of
symbiotic relationships, namely mutualism, commensalism, parasitism, and
competition. As a focus for their project, they chose to look for a mutualistic
symbiotic relationship, where both organisms benefit from this relationship.
The students were inspired not only by the study of different types of mutu-
alism in nature but also by a survey of related biodesign projects, which
explored the concept in similar ways. As part of their research, the students

Figure 1.7 Poster with a collage of a future scenario and sketches for “cryo-slug.”
Source: Amber Lowe and Nuha Aneez.
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were inspired by the 2010 project Algaculture, by Burton Nitta design studio.
This project proposed an Algaculture Symbiosis Suit, an alternative way to
fuel the body, which would allow the user to consume nutrients through a
photosynthetic process, envisioning a future where humans will be
enhanced with algae living inside new bodily organs, allowing humans to
be semiphotosynthetic and plant-like by gaining food from light [56].

1.6.2 Case study two: “Growing Materials”
A second case study is the project “Growing Materials” developed by Rameh
Alassaf, Shamma AlMullah, Aysha AlSuwaidi, and Safa Kerem, where the
students investigated the development of living materials through the anal-
ysis of two examples of biofabrication: mycelium masonry bricks and artifi-
cial meat. In their research, the students learned from both studied
technologies that artificial structures, such as scaffolds and molds to guide
biological growth, are a core concern of this type of projects (Fig. 1.8).

Unlike the first case study where a specific design goal, i.e., human
habitat on Mars, was set early in the process, here the students were focused
on developing a novel fabrication process, without particularly focusing on
the applications. As part of their research phase, the students were encour-
aged to start experimenting with crystals to understand the growth

Figure 1.8 Growing Materials project, technical drawings and prototype. Source: Rameh
Alassaf, Shamma AlMullah, Aysha AlSuwaidi and Safa Kerem.
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characteristics of a relatively inexpensive, accessible, and naturally occurring
material. While crystals are not living materials, they do occur in nature. For
educational purposes within a first-year design studio, crystals demonstrate
many principles of growth and provide an easy to use, low-cost, stable,
and fast analog for a growing biological system.

For their project, the students proposed the concept of a biohybrid
growing computer. The concept was to develop an autonomous process in
which a biohybrid structural lattice dynamically responds to variable envi-
ronmental conditions and human interaction. The system consisted of three
core elements: (1) a structural scaffold (prototyped with “pipe cleaners,” a
type of brush with absorbent microfilament bristles, which can be articulated
into different forms and structures); (2) a growing medium; and (3) a robot-
actuated spraying machine. The project focused on several principles of
biohybrid design, whereby biological materials are integrated with artificial
elements to produce new design behavior, in particular structural reinforce-
ment over time, as the lattice increases in height and size.

Compared with other examples of biohybrid design, this project inno-
vates in mainly two ways: first, through the conceptualization of an inte-
grated environment in which natural or biological materials, humans, and
artificial elements participate within an integrated design and construction
process, and second, through the introduction of robotic elements, which
provide new abilities in the system through sensing and reconfiguring the
structure by adjusting where the growth medium is deposited. In a first-
year undergraduate design project, we consider that this speculative
approach to AM based on growth found in natural systems can open possi-
bilities for thinking about new opportunities for IMTs, which is so crucial
for future planetary colonization.

1.7 Conclusions

The entrepreneurial aerospace industry is growing very quickly, and
many companies are initiating commercial passenger trips to space. The
development of effective aerospace transportation solutions is only the
beginning of many requirements for future space colonization, including
the design of artifacts, infrastructure, habitats, new materials and processes,
food production, and many others. Thus, design for aerospace is more
needed than ever. This design for aerospace should not operate in disci-
plinary silos of engineering, aerospace technology, or architecture, to
name a few, but should operate at a transdisciplinary level where issues of
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transportation, new habitats, infrastructure, and others are focused not only
toward physiological and operational needs of specialized and highly trained
people, but increasingly toward the emotional and psychological needs of
the lay persons that will become the future commercial space travelers and
colonizers of new planets. In this process of space colonization, the lessons
learned from the use of resources on our own planet should be taken into
consideration. Transdisciplinary design practice and research can generate
speculative future scenarios to exploring new hybrid technologies and
context-appropriate design solutions within a respect for life, while incorpo-
rating natural, local, and renewable materials and processes in human-made
environments. While this is especially applicable to our planet Earth, it is also
applicable to space colonization.

Future space colonization requires imagining novel design strategies and
applications within new paradigms. A possible scenario is the development
and application of new bio-inspired, and more importantly, bio-enhanced or
biohybrid approaches to design, technology, and innovation. These hybrid
approaches for future space colonization should be focused toward protec-
tion of the indigenous resources and species of each planet we colonize,
hopefully avoiding a negative impact in planetary, interplanetary, and
galactic ecologies. In a way, we should learn from the mistakes we have
made on Planet Earth and make sure we try to avoid them on other planets.
This focus is especially important in the implementation of future AM,
IMTs, and similar processes for the development of the growing Entrepre-
neurial Space Industry (ESI).

Within an industrial paradigm, biotechnology can be considered as a
form of bioutilization or bioexploitation. However, with adequate aims
and well-defined protocols, new bio-inspired, biotechnological, bio-
enhanced, and biohybrid approaches, we might create new hybrid species
of naturotechnical or technonatural entities and systems, which are more adap-
tive and resilient in extreme environments, such as those in other planets.
Some contemporary examples of these approaches include proposals within
Next Nature, Material Ecology, and Biodesign. On a more conceptual level,
the theoretical background of naturecultures can help us speculate on future
more-than-human worlds, where biological multispecies and technological
autonomous agents interact in new ways within interplanetary systems,
where the materiality of AM and IMT is interwoven with the virtuality
of data, computation, and AI.

Design disciplines, such as architecture or product design, for example,
are traditionally seen as morphogenetic activities. In these examples, the
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designer generates a form by manipulating materials or data. However, we
are exploring a contemporary transdisciplinary design approach, which en-
compasses biology, physics, chemistry, computation, and emerging technol-
ogies such as AI and ML, among others, within a systems and cyclical
thinking. As such, algorithmic design becomes a powerful tool to augment
bio-inspired design. There is a radical shift in the act of design, from design as
“the determination of form” toward design as “the steering of a process,” or
even the “merging of multiple natural and human-made processes.” While
the traditional morphogenesis in design is a complex activity, the steering or
merging of technical and natural processes is even more complex, as results
depend on the emergent evolution of the hybrid system.

Tools such as speculative design or design fiction allow us to imagine
possible future scenarios, while analyzing potential applications and implica-
tions of these processes. The aim of these tools is not to propose short-term
feasible solutions from a technical or commercial perspective, but rather to
envision many alternative future possibilities. In this sense, much of today’s
biohybrid design research is mostly conceptual and offers pathways for inno-
vation, especially in a future-oriented industry as the ESI and future coloni-
zation of other planets.
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CHAPTER TWO

A bio-inspired design and space
challenges cornerstone project
Marjan Eggermont
Mechanical and Manufacturing Engineering, Schulich School of Engineering, University of Calgary, Calgary,
AB, Canada

2.1 Introduction

Propulsion and power systems have made large strides over the past
century, leading to more efficient jet engines and solar electric propulsion
to enable a journey to Mars, for example [1]. However, we are now faced
with the limits of humans understanding of the physical world. The solu-
tions we seek are more multidimensional, multifunctional, and increasingly
focused on the interaction of systems and their environment. Nonlinear
multifunctional systems that have a symbiotic relationship with their envi-
ronment are the domain of nature. Therefore, it is in nature that we seek
inspiration for the solutions to tomorrow’s challenges [2].

A class project investigating these and other challenges was included in
the Fall 2016 offering of a freshman course. The cornerstone design and
communications course is a requirement for all incoming engineering stu-
dents before they rank their preferred departments at the start of year 2 of
their program. The course introduces students to teamwork, hands-on
design projects, and individual paper-based design projects such as the one
we will be describing here.

Bio-inspired design is introduced starting with historical examples such as
the Crystal Palace, the Barcelona Pavilion, and Velcro and closing with ex-
amples such as Lotusan paint, Sharklet foil, and Gecko tape. To expand on
the example of the Barcelona Pavilion, Mies van der Rohe, the architect,
studied the relationship of the organism to its environment in terms of opti-
mization, the rule of the minimum, and the quest for harmony [3]. An avid
collector of books by botanist Raoul Francé, who introduced the term bio-
technics, and reader of D’Arcy Thompson, van der Rohe saw buildings as
“open constructs to the landscape that allowed for movement and exchange
between inside and outside” and claimed, “I don’t design buildings, I
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develop them,” hinting at an evolutionary approach [3]. In the Barcelona
Pavilion . [the] cube and square [are] reduced to their “true form grid,”
and this building appears to possess an organic quality much like “the struc-
ture of plant growth” [4].

One of the key features of a design course is that students study subjects
in breadth rather than depth. In studying a wide variety of subjects, design
courses employ a wider variety of specialists and this facilitates a cross-
linking of cultures and perspectives. Students have to observe, process,
analyze, and synthesize different types of information. The conjoining of
previously unrelated ideas, thoughts, and concepts is well recognized as a
feature of creative thinking. Introducing a full range of subjects, including
topics such as ethics and the environment, allows students to practice and
develop their integrative skills [5].

Introducing bio-inspired design in 2004 into the course quickly showed
that engineering students are intrigued by innovative design methods that
can potentially mean a paradigm shift for engineering. For example, engi-
neering can learn from nature in terms of sustainable nontoxic materials,
water-based chemistry, and resilience [6]. In our current critical need for sus-
tainability and regeneration, bio-inspired design is an area that promises real
change. For example, sustainable and regenerative designda process-
oriented whole-systems approach to designdbenefit when using bio-
inspired design as teaching model. Due to the interdisciplinarity of the field,
it also invites a great deal of creativity.

After attending the first annual National Biomimicry Summit and
Education Forum for Aerospace, organized in 2016 by the Ohio Aerospace
Institute and Great Lakes Biomimicry, in collaboration with the NASA Glenn
Research Center, a “design inspired by nature” paper-based project was
included in the first-year design course. In engineering education, there is
an increase in bio-inspired design projects both for corner- and capstone
design courses [7e11]. Bio-inspired design projects allow for a great deal of
creativity and enhance students’ ability to design by analogy. It also opens
up a new design space as many solutions found in nature do not follow
conventional engineering design practices [12]. Future engineers will need
to adapt continuously to evolving technological challenges, often operating
outside the limits of their discipline, and they will need “to transcend tradi-
tional disciplinary boundaries, and to communicate, transfer knowledge, and
collaborate across technical and nontechnical boundaries” [13]. Bio-inspired
design pedagogy research is showing that it “fosters the following compe-
tencies of the 21st century engineer: holistic, critical thinking; creativity;
self-regulated learning; and complex, multidisciplinary problem solving”
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[14,15]. The fall of 2016 was the perfect time for a bio-inspired space project.
In June of that year, Charles Bolden had announced that “Bringing Humans
to Mars and Humanity Together” was a goal of the Red Planet mission in the
2030s [16]. Exploration of the Moon and Mars was back in vogue.

Students were asked to follow a tailored design process (Fig. 2.1) to com-
plete the stages of their project. The process is based on an iterative design
model [18] that identifies criteria and constraints, brainstorms solutions, gen-
erates ideas and explores possibilities, selects an approach, and formulates a
design idea. Due to the nature of the course and the time allotted, students
were not able to iterate; in this instance, a better portrayal would be a linear
process diagram. Stages were designed, however, to diverge and converge
internally, allowing for some iteration during the process.

In short, the process asked students to research three NASA challenges of
interest, and out of those three, pick a favorite to focus the remainder of the
project on (divergent and convergent). Students in our first year are part of a
common program that teaches the foundations for engineering. They do,
however, have an idea of the department they may want to join in second
year and allowing choice in their research generates project buy-in and thor-
oughness. Based on this favorite NASA challenge, they had to find five
different strategies from nature using Ask Natureda comprehensive catalog
of nature’s solutions to human design challengesdthat could potentially
solve their challenge (divergent). They then continued with the most prom-
ising strategy (convergent). They developed a challenge and strategy dia-
gram (divergent), which looked at all aspects of their chosen organism (a
strategy is usually associated with a specific organism). Based on the diagram,
they then drew an illustration visually abstracting the information they had
gathered. Finally, a design idea was presented (convergent): in some cases,
this was a fully rendered manual drawing, in others a computer-aided design
(CAD) model and (partial) prototype. In the following sections, these stages
will be discussed in more detail and illustrated with student work.

2.2 NASA challenges

During research on aerospace structures in the 1970s, Koryo Miura
devised Miura folding based on his observations of the surface of the Earth,
brow wrinkles, and the anterior edge of a dragonfly wing [19]. Similar to
Miura folding, snakes in their undulating extension and contraction move-
ments also fold themselves in a zig-zag fashion [19]. Twenty-five years later,
Miura-ori led Japanese scientists to use this nature-inspired origami concept
to pack and deploy a solar power array in the research vessel Space Flight
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Figure 2.1 Project design process adapted from project example pages. Adapted from
T. Wong, Biomimicry NASA Challenges Project (Unpublished report), University of Calgary,
Calgary, Canada, 2016.
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Unit (SFU). On Earth, the solar array was “folded by means of a special
stowage and deployment scheme (Miura-ori) . [and] easily constructed
in space by simply pulling the ends of the stowed surface” [20].

With the goal of finding ideas for future space applications, studentsdin
this first part of the projectdwere asked to research challenges explored by
NASA and other space agencies (Fig. 2.2) and to narrow their search to three
areas of interest from the following list:
• Materials and structures for extreme environments
• Persistence of life in extreme environments
• Guidance, navigation, and communication
• Next-generation aeronautics and in-space propulsion
• Sustainable energy conversion and power

Current research in these areas describes challenges such as the develop-
ment of a wardrobe for life in space vehicles and habitats. The research con-
sists of a blind study asking participants to express acceptance of cotton or
wool. Another component tackles a length of wear odor experiment and
evaluates cleaning and sanitation techniques to use in microgravity. The
research also includes a lint production study comparing different types of
socks [22].

Based on findings in this section of the project, students picked their fa-
vorite topic to ask the question: “How does nature. ?” using a biomimicry
taxonomy available on the Ask Nature website [23]. Questions ranged from
“How does nature protect from radiation?” “How does nature protect from
nonliving threats?” “How does nature sense environmental cues?”
and so on.

Figure 2.2 Challenge research examples: dehydration and the absence of water and
navigation in space. Adapted from R. Verveda, Exploring the Conch and its Ability to
Survive Extreme Conditions Harnessing Nature to Enhance Survival (Unpublished report),
University of Calgary, Calgary, Canada, 2016.

A bio-inspired design and space challenges cornerstone project 45



A hypothesis of this design project is that students will be able to discover
multidisciplinary solutions that are motivated by nature and that incorporate
elements of natural principles such as feedback loops, multifunctionality, and
water-based chemistry. To assess the success or failure of this approach, a
comparison between existing solutions to a problem and the bio-inspired
solution can be made.

2.3 Ask Nature strategy research

AskNature is, asmentioned earlier, a comprehensive catalog of nature’s
solutions to human design challenges. This online library, at the time of
writing, featured summaries of more than 1800 natural phenomena and
hundreds of bio-inspired applications both in the design and in the product
phase [23]. Ask Nature can be explored by function asking the questions:
“What does the design have to do? What are the functional requirements?”

Students were asked to create five summaries of five different organisms
that were relevant in functionality to the NASA challenge of interest picked
in Section 2.1. Figure 2.3 shows a number of design principles based on or-
ganisms selected from Ask Nature that showed promise for solving off-
planet challenges. Students used a template based on a 2015 genius loci
report [26]. The report’s species summaries are a useful student research
tool especially the following components:
• Function: Summarizing what the organism or ecosystem does. Function
then becomes the bridge between the biology and the function of the
design.

• Biological strategy: How does the organism achieve the aforementioned
function? A translation of biological research into, in this case, engineer-
ing design language accompanied by an explanatory illustration.

• Design principle: The underlying solution-independent principle
abstracted from the biological strategy illustrated with a diagram or
equation [26].
A study of the hierarchical levels of organization of the Brazil nut

(Bertholletia excelsa) showed that the mesocarp, or middle layer, of the fruit
has fibers in three misaligned layers as a strategy to protect its seeds by resist-
ing opening. The mesocarp resembles a foam-filled structural composite
with tubular channels. Fractured surfaces trap any cracks that start to form.
So, each hierarchical leveldmacroscopic, cellular, fibrillar, and moleculard
contributes to the overall protective container surrounding the nut [27]. The
student summarized the design concept (Fig. 2.3 bottom middle) as “a
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Figure 2.3 Design principle sketches of Orb Weaver Spider web, Many-Headed Slime
navigation, Brazil Nut structure, Honeybee sensor, and Alaskan Darkling Beetle anti-
freeze polymer. Adapted from N. Wong, Biomimicry: NASA Solutions (Unpublished
report), University of Calgary, Calgary, Canada, 2016; O’Dell, Slime Mold Leading the Way
in Deep Space Navigation (Unpublished report), University of Calgary, Calgary, Canada,
2016; T. Wong, Biomimicry NASA Challenges Project (Unpublished report), University of
Calgary, Calgary, Canada, 2016.
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multilayered protective vessel whose outer layer is textured to avoid slips and
whose inner layer is thicker to offer more protection” [25].

More examples: honeybee antennae led to a sensor relying on pressure
and vibrational signals to determine its orientation to oncoming objects
[25]. The wooly hairs of the alpine edelweiss protect the plant’s cells from
ultraviolet radiation by acting as photonic structures that interact with and
absorb the UV radiation [23]. The tardigrade was no surprise with its
inspiring ability to survive extreme environmental conditions by entering
a reversible suspended metabolic state known as cryptobiosis [23].

Figure 2.4 shows an entry on a natural antifreeze: a student summary of
the Alaskan Darkling Beetle including a “design principle” drawing. This
“principle” drawing can be a key step in abstracting functionality and give
the student an initial idea of where their design might be headed. It answers
the question: “What does your design do?” (not “What does it look like?”).
In this case, the student was looking at a strategy that would protect from
extreme temperatures. The Alaskan Darkling Beetle produces a polymer
xylomannan, a combination of sugar and fatty acid, to create a unique
protein-less natural antifreeze. This polymer uses oily compounds to bind

Figure 2.4 Ask Nature research summary Alaskan Darkling Beetle. Adapted from
T. Wong, Biomimicry NASA Challenges Project (Unpublished report), University of Calgary,
Calgary, Canada, 2016.
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to the external membrane of cells and helps maintain cell stability when un-
dergoing extremely cold conditions. Xylomannan can protect the cells
down to around minus 100 �F. Scientists speculate that the polymer either
keeps ice crystals from forming inside the cells entirely or makes it difficult
for the crystals to grow to a large size [17,23]. Without this natural antifreeze,
the beetle would freeze at approximately 19�F. The design principle draw-
ing imagined a fibrous material with a comparable antifreeze polymer mimic
to be used as potential lightweight insulation, which could also prevent ice
formation.

2.4 Challenges and strategies diagrams

At this stage of the project, students were asked to focus on the most
promising and interesting strategy they had found on Ask Nature. They
were asked to create a challenges and strategies diagram [28] for one organ-
ism to see if they could come up with multiple design solutions. The chal-
lenges in this case focused on the challenges a particular organism is facing
and the strategy it uses to solve them. The strategies for this project fall
into three categories:
1. Form-based: shapes and patterns
2. Process-based: a series of actions that work together
3. System-based: a series of interacting elements or organisms that work

together
At the end of each flowchart of challenges and strategies (Fig. 2.5), stu-

dents were asked to come up with potential design ideas based on the organ-
ism’s strategies. By breaking down the system into substrategies, it was easier
for students to come up with ideas. Ball noted in 2004 “with engineers, ex-
perts use significantly more analogies than novices; novices tend to analogize
over specific, concrete examples, whereas experts use a more schema-driven
approach, analogizing of multiple examples to achieve a more general design
solution” [30]. The diagrams allowed students to use divergent and conver-
gent idea generation, which was then converted into visual analogies in the
next stage of the project process.

The Orb Weaver Spider example in Fig. 2.5 focused on the web and
the fibers of that web. The student noted in the strategy research portion
that the spider silk “has adapted to prevent water from weighing it down
and ruining it. By arranging proteins that change in structure when
exposed to water vapor, the web silk scrunches up into a rough knot
with smooth slippery spaces between the knots. This allows the water to
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build up around the strengthened knots until they are heavy enough to fall
off as droplets. This effectively relieves build up and allows it to maintain its
structure under humid conditions. The way the spider web is constructed
creates a difference in pressure resulting in the continuous condensation of
water from the air” [24]. The subsequent challenge and strategy diagram
led to a number of design ideas including distillers, condensers, and
lubricants.

Another example was the Many-Headed Slime or Slime Mold
(Physarum polycephalum) (Fig. 2.5), a unicellular microscopic organism
that explores by reacting to its environment. Pulsing units respond to
neighboring movements, and when the slime mold senses food oscillating
frequency increases in the area closest to it [31], the slime mold then starts
to flow toward the food source. The collective pulsing behavior passes in-
formation constantly increasing locomotion toward a food source and
decreasing movement in the case of salt or light, which are repellents for
the organism. It leaves behind “a thick mat of nonliving, translucent,
extracellular slime . and uses its presence as an externalized spatial mem-
ory system to recognize and avoid areas it has already explored” [31].
Abstraction in computer science has already resulted in algorithms
using simple rules useful in guiding the development of decentralized net-
works [32].

Figure 2.5 Challenges and strategies diagram of Orb Weaver Spider, Many-Headed
Slime, and Monarch Butterfly. Source: University of Calgary, adapted from N. Wong,
Biomimicry: NASA Solutions (Unpublished report), University of Calgary, Calgary, Canada,
2016; O’Dell, Slime Mold Leading the Way in Deep Space Navigation (Unpublished report),
University of Calgary, Calgary, Canada, 2016; R. Rode, Biomimicry: Bringing Earth to Mars A
Look at Strategies Nature Has Given Us to Survive in Environments as Extreme as Other
Planets (Unpublished report), University of Calgary, Calgary, Canada, 2016.
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2.5 Strategies illustration

Students in this course are asked to visualize the strategies employed by
their organism of choice based on the challenge and strategy diagram. As an
example, they are shown the work of Fritz Kahn well known for hisMan as
Industrial Palace illustration, “a visualization of the (technological) nature of
biological knowledge” [33]. Kahn explained complex natural and technical
principles with visual and textual analogies. He is considered a pioneer of in-
formation graphics. How something works is a challenge to draw visually, but
the Kahn work gives students a good place to start. The work is from the first
half of the 20th century and part of a time in history when technical progress
was king and society was seen as rational and clean, sanitized, and modern.
However, conceptually things have not changed that much since then and
students are themselves quite familiar with these types of cultural artifacts and
use them very creatively in these illustrations. Indeed “comparison of living
things with machines may seem at first to be a crude, even rather childish
procedure, and it certainly has limitations: but it has proved to be extraor-
dinarily useful. Machines are the products of our brains and hands. We
therefore understand them thoroughly and can speak conveniently about
other things by comparing them with machines. The conception of living
bodies as machines, having, as we say, ‘structures’ and ‘functions’, is at the
basis of the whole modern development of biology and medicine” [33].

In contrast, in an interview from 2017, when askedWhat are the challenges
facing bio-inspired design, Vytas SunSpiral mused: “We often use engineering
paradigms when we try to understand biology, even though these paradigms
do not accurately reflect the underlying biological principle. The reduc-
tionist approach involving mechanistic deconstruction can allow us to apply
mathematical and analytical methods that we are familiar with in a new sit-
uation but may also prevent us from fully understanding the complexity of
biological systems, and even increasingly complex technical systems” [34].
The Kahn-inspired illustrations, in the meantime, allow the students to
draw what they know and abstract and map some of their biological knowl-
edge. From Brock once more: “The point is that comparing something un-
known with something already known makes it possible to talk about the
unknown.” Four ways in which an analogy can be mapped and be useful
have been identified:
• An existing solution can be adapted from one domain to another.
• A structure can be translated from the original to the design solution.

A bio-inspired design and space challenges cornerstone project 51



• A partial functional aspect can be transferred from the source of the inspi-
ration to the conceptual idea.

• The analogy itself can function as a catalyst for future thoughts [35].
In a study by Casakin and Goldsmith, “visual analogies have been shown

to improve problem-solving in design in both experts and nonexperts,
though more for nonexperts” [36]. An additional reason to ask students to
draw and sketch instead of using CAD is to avoid design fixation early
on: researchers have noted that software tools can imply that an image
can no longer be fixed or that significant additional time will need to be
invested to make changes [37]. These visualizations leave us with open ques-
tions that can potentially supply new and innovative answers.

The student examples in this section show a boxfish (Fig. 2.6) drawn
with a mechanical turbulence detector. As the student explained it: “The
boxfish uses a lever-like mechanism with its vortices. Imagine a seesaw: if
weight is added to one side and not the other, the weightless side would
rise. However, if the weightless side is pulled by some force equal to the
weight of the other side, then the see-saw would rest at perfectly horizontal
position. This idea is translated into the use of pressure differences in the
world of a boxfish. Let’s say water pushes from above on the front part of
a boxfish. The boxfish will then respond by whipping up a vortex of water
from its underside at the back end of the boxfish, which is the complete
opposite side of where the water is hitting it. The vortex essentially flows
along the keels and ‘touches’ the surface of the boxfish. The vortex then cre-
ates a difference in pressure along it. The pressure in the vortex is lower than
the water pressure around, which essentially causes the boxfish to be pulled
toward the vortex. The vortex’s pulling property counteracts the downward
force of the turbulent water on the opposite side, thereby allowing the box-
fish to remain stable” [38].

The second example (Fig. 2.6) shows a combination of manual and me-
chanical labor inside the body of an orb spider. Internal sheep shearing pro-
vides “spider” fibers, which are spun together into silk yarn, which is
deposited near the spinnerets. An “operator” in the head of the spider is con-
trolling the legs of the spider using gears and levers, and a system of pulleys
controls the tension and movement of the legs.

The student’s design principle sketch in Section 2.3 shows a material that
detects and collects water by causing condensation based on Orb Weaver
Spider webs. The material mimics the ability for water to contract the knots
within the silk creating a water sensitive material. The student then noted
that “applying this material in space would allow astronauts exploring for
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Figure 2.6 Fritz Kahn-inspired strategy illustration of a Boxfish, Orb Weaver Spider, and
Monarch butterfly. Adapted from N. Wong, Biomimicry: NASA Solutions (Unpublished
report), University of Calgary, Calgary, Canada, 2016; J. Arpon, Surgical Stability Inspired by
Nature’s Wonders (Unpublished report), University of Calgary, Calgary, Canada, 2016; R.
Rode, Biomimicry: Bringing Earth to Mars A Look at Strategies Nature Has Given Us to
Survive in Environments as Extreme as Other Planets (Unpublished report), University of
Calgary, Calgary, Canada, 2016.



habitable areas to detect water more easily. By viewing the material to be
transparent and contracted, it indicates that water is in the area. Water is
essential for any life as outlined in the challenges; therefore, water should
be one of the first materials to have a sustainable method of finding and col-
lecting in space. Once water is located, further growth of space life can be
achieved” [24].

The final illustration (Fig. 2.6) shows a Monarch butterfly with three of
its survivability strategies: an accurate perception of position to almost
360 degrees of vision; high maneuverability using very precise wing move-
ments with quick angle changes, which can add lift; and bright colors which
indicate “I’m difficult to catch” and “I taste bad.” Ultimately according to
the student “exploring other planets such as Mars will require advanced
technology. Innovating smaller and lighter materials is a key goal of NASA’s
Mars initiatives as both (up-)mass and (up-)volume are. tied closely to the
cost of the mission.” Since butterfly’s wings “constitute less than 10% of the
total body mass,” this would be an economically feasible design option.
Although the wing area of the butterfly is large relative to the body mass,
a biomimetic design could be created to fold up, reducing storage space.
Such a design could also mimic the flexibility of butterfly wings and thus
be a compact yet extremely maneuverable craft, favorable for exploring
small areas which humans may not be able to easily access. “The butterfly’s
flight skills may inspire technological advancements, aiding exploration of
extreme environments” [29]. A 2012 paper on concepts and approaches
for Mars exploration noted that constraints imposed by the planet’s
conditions may constitute an optimal environment for biomimetic flight
systems [39]. Research in 2017 [40] and 2020 [41] following in the footsteps
of Miura looked at “hindwing folding in ladybird beetles” and “the complex
wing-folding pattern of earwigs” as inspiration for fold-out drone wings,
antennae reflectors, and photovoltaic panels on spacecraft.

2.6 Designing and drawing the bio-inspired design
solution

For the final stage of the project, students were asked to put all their
work together and come up with anything from a subcomponent to an
entire system. An additional requirement was that the design was of benefit
to challenges in space and to challenges here on Earth. If the design was for
an extreme environment, students had to try and think how the design
could be applied in an extreme environment here on earth. The student
example in Fig. 2.7 (left) shows a dome habitat. The structure of the material
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used mimics the composition of a conch shell: unit cells consist of layers
made up of elongate constituents that are arranged parallel to one another.
Each layer is oriented 90� to the layers above and below it. The student
described a self-assembled hierarchical structure. A next step could be to
investigate whether self-assembly is possible in the extreme environments
of space. In addition, could designers take advantage of Martian wind pat-
terns to build up extra shielding around a dune-shaped habitat [42]?

The final design inspired by the slime mold was a diagram that visually
represented a process in which the most efficient and fault tolerant route is
determined by an algorithm. The algorithm’s parameter suggestions were dis-
tance, including altitude, hazards, populations, and terrain properties. The
output would provide an optimal route for navigation from a to b (Fig. 2.7).

The spherical stabilizer design based on the boxfish’ ability to remain sta-
ble in turbulent waters is the final example in Fig. 2.7. As an example of how
the design could be beneficial on Earth, the student suggested it be used on
intricate experiments that require highly stable hands: “Hands often shake
when dealing with intricate/fragile procedures (e.g., putting thread in a nee-
dle hole, lab experiments), and this mechanism can be used with smaller sur-
gical arms to aid the accuracy and stability of these procedures” [38].

2.7 Data analysis

The year this project was assigned, 880 first-year students enrolled in
the cornerstone design and communications course. The submissions were

Figure 2.7 Design ideas inspired by Conch shell, Many-Headed Slime, and Boxfish.
Adapted from R. Verveda, Exploring the Conch and its Ability to Survive Extreme Conditions
Harnessing Nature to Enhance Survival (Unpublished report), University of Calgary, Calgary,
Canada, 2016; S. O’Dell, Slime Mold Leading the Way in Deep Space Navigation (Unpublished
report), University of Calgary, Calgary, Canada, 2016; J. Arpon, Surgical Stability Inspired by
Nature’s Wonders (Unpublished report), University of Calgary, Calgary, Canada, 2016.
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analyzed, and a number of data visualizations were created to access the class
focus.

Not surprisingly, more than 75% of design solutions were form-based in-
spirations, about one-fifth mimicked process, and the remainder abstracted a
system of some sort. Analogy mapping requires access to biological knowl-
edge, identifying a number of biological models and an understanding of
those models. Very few attributes from biology can be mapped directly to
a solution so it is up to, in this case, novice designers to emulate a principle
they can extract from an array of organisms [43]. A recent study [44,45]
identified gaps in current bio-inspired design curriculum learning outcomes.
The lower-order thinking skill of remembering and the higher-order evaluating
were virtually absent from the majority of bio-inspired course content.
Often, bio-inspired design projects, as in the case of the project discussed
here, are added to existing courses, and students are being thrown in the
deep end, and as they go under the last thing, they hear is: “Create!”

Fig. 2.8 shows a summary of results from student projects listing top or-
ganisms corresponding to NASA topics. The oriental hornet, fourth in the

Figure 2.8 Data analysis using Tableau showing (upper left) organisms that most
inspired NASA challenges, (upper right) percentages of form, process, and system,
and (lower panel) a list of all organisms, corresponding NASA challenge, and organism
strategy. The full data set can be found at marjaneggermont.ca/vizprojects. Visualiza-
tion: Charlotte Ligier, University of Calgary.
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list, is linked heavily to sustainable energy conversion and power because
pigments in its cuticle absorb solar energy that is then turned into electrical
energy [23].

A few other organisms at the top of the list in Fig. 2.8 are worth noting.
Seventh on the list is the dromedary camel, which appeared in three
challenge categories:
• Persistence of life in extreme environments: The dromedary camel survives with
minimal water thanks to nasal structure that condenses and absorbs water
vapor during exhalation. During the inhalation and exhalation process, it
condenses the air and absorbs the water molecules because the nasal sur-
face is hygroscopic. Therefore, it can acquire water from the air and store
it.

• Materials and structures for extreme environments: The camel’s sparse place-
ment of hairs on the skin allows for efficient evaporation of any water
that the animal sweats, causing efficient cooling.

• Guidance, navigation, and communication: The camel’s foot with two
independent toes linked by a mesh spreads apart when weight is
applied, causing the mesh to flatten between the toes, increasing the
surface area across which the force is applied, and preventing the camel’s
foot from sinking into the sand and hindering its movement.
At number 15 is the dwarf mountain pine. The dwarf mountain pine’s

outer layer is covered in a wax, made from chromophores which absorbs
the harmful UV-A and UV-B radiation [23]. Dwarf mountain pine cuticular
wax contains fluorophores, a fluorescent chemical that emits light when
excited. When the UV rays are absorbed, it changes their wavelength and
emits blue light, which can be used for photosynthesis in lowlight condi-
tions. This gives them an edge to other alpine organisms [46]. The student
concluded that this might provide an idea for a nontoxic sunscreen that
would still allow for vitamin D absorption. Another challenge in the diagram
was the Pine’s limited resources in the high-altitude environment. The stra-
tegies the Pine uses are the fluorophores mentioned earlier, which increase
the spectrum of light absorbed for photosynthesis and long-lasting needles,
which conserves energy. Ideas from the student talked about mini-solar
panels on spacesuits that produce electricity and protect from radiation, a lin-
ing for spacecraft, and solar paint that absorbs radiation.

Figure 2.9 (full diagram) and Fig. 2.10 (detail) show a Zoomable
Sunburst diagram that allow for a different path through the data focusing
on the NASA challenges, then form, process, and function, and then organ-
isms. Overall, some key results from the projects are that designs based on
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visible biological functionality (i.e., form follows function) are the most
likely results for students starting in bioinspiration. Undergraduate students
do not have much time. Furthermore, the time they are given for these pro-
jects does not allow for a “deep dive” into a process or a system, which re-
quires more sophisticated tools and knowledge for analogy transfer.

Using manual drawing as a way to visualize, and using diagramming as a
tool for exploring organism strategies, can open up the range of ideas by
focusing on subsystems and ultimately expands the design search space for
students. It allows students to explore design by analogy, which is getting
increasing amounts of attention in the quest for breakthrough innovations
[47e49]. Abstraction does not come easily to beginners, but asking students
to show their mental leaps by using the genius-of-place template improved
their final design [26]. Similar to the challenges and strategy diagram, the

Figure 2.9 A zoomable sunburst visualization using D3 summarizes all challenges, or-
ganisms, and strategies. The full data set can be found here: marjaneggermont.ca/viz-
projects. Visualization: Paolo Cristini, University of Calgary.
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template asks for multiple organism angles encouraging research, visualiza-
tion, abstraction, idea, and concept generation.

2.8 Conclusion

Bio-inspired design can result in a paradigm shift for students and open up
an area of study that is filled with future potentialdonce they see it, they cannot
“unsee” it. We do need to remember that we are fortunate to live on a blue
planet, one that needs our care and attention, and as Carl Sagan said: “If we
ruin the earth, there is no place else to go” [50]. As we explore our solar system
and certainly dream of next steps toward the nearest stars, we should resist the
urge to take with us our current notions of good design and responsible stew-
ardship. To enable survivability of our species on Earth and beyond, perhaps
humanity needs a “reset”; while it is a great exercise to think of new possibilities,
we need to embed an approach that is inclusive, sustainable, regenerative,
diverse, and humble. Our students will always have great ideas, but those ideas
should be supported by careful guidance and an awareness of unintended

Figure 2.10 Zoomable sunburst visualization detail showing sustainable energy con-
version and power, an inspiration from the oriental hornet based on form for gener-
ating solar energy on long voyages. The full data set can be found here:
marjaneggermont.ca/vizprojects. Visualization: Paolo Cristini, University of Calgary.
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consequences. For now, this group suggests we take a closer look at hornets,
water bears, and fungi for our future in space.
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3.1 Introduction

Biomimicry is a design approach emulating nature’s fundamental stra-
tegies for use in human-made products. A typical engineering approach to-
ward optimizing a design is to add or manipulate existing features. In
contrast, biomimicry circumvents the additive approach and strips the design
problem down to its fundamental principles and components, suggesting de-
signs that will be built efficiently from the ground up. Biomimicry is also
commonly referred to as biomimetics, bio-inspired design (BID), or
nature-inspired design [1e8]. More broadly, biomimicry is a subset of
learning from natural history or physiomimetics; paleomimesis, anthropo-
mimesis, and paleobiomimesis are additional elements of physiomimetics [9].

There is a need for open-source tools to help people make connections
between biological systems and solutions for human problems. Several
efforts are underway to develop BID tools and methods with a range of
approaches and focuses. The Periodic Table of Life (PeTaL) [9] was started
to fill this need. It is an open-source artificial intelligence (AI) design tool
that leverages data and information from nature and technology to help users
advance nature-inspired research and development. PeTaL is envisioned to
streamline the various steps of a BID process by integrating new and existing
tools and methodologies around its core ontological framework [9,10]. To
be as comprehensive as possible, PeTaL requires mass curation of standard-
ized data through which it can learn (via machine learning), interpret, and
output predictive solutions to design queries.

Biomimicry for Aerospace
ISBN: 978-0-12-821074-1
https://doi.org/10.1016/B978-0-12-821074-1.00017-7

© 2022 Elsevier Inc.
All rights reserved. 63 j

https://doi.org/10.1016/B978-0-12-821074-1.00017-7


PeTaL is intended to be used by designers and engineers who seek na-
ture’s solutions for their design challenges, as well as by biologists who
seek to extend the application of their scientific discoveries. As a compre-
hensive and streamlined tool, PeTaL is also envisioned to serve as an educa-
tional resource to train and teach biomimicry to a range of disciplines. The
PeTaL team is always seeking new collaborations, design tools and methods
for potential integration, and resources from which to gather and generate
new data. The target expertise for collaboration includes BID tool devel-
opers, data scientists, AI/machine learning experts, ontology developers,
and systems engineers.

3.2 Biomimicry tool landscape

This discussion will summarize the current landscape of biomimicry
tools, discuss limitations or barriers to their adoption and use, and propose
new ideas from tools to methodologies to fill the identified gaps. Recom-
mendations will be presented in a notational roadmap with consideration
of short- and long-term priorities and feasibility of adoption. There is a
vast community of BID practitioners focused on the establishment of tools
and methodologies to facilitate the biomimicry process. By nature of this
global community and the multidisciplinary nature of biomimicry, there
are often language and semantic barriers hindering the flow from one stage
of the process to the next. Moreover, different methodological approaches
are used depending upon the goals, resources, and expertise of an institution
or practitioner, and often, practitioners specialize on a subset of the process.
Therefore, clear standards of practice are not universally employed but may
benefit the adoption of BID as a universal design strategy.

Methodological approaches to aid in advancing through the biomimetic
process have been proposed, particularly through a problem-driven lens
[11,12]. Wanieck et al. proposed an eight-step problem-driven process and
presented an overview and categorical analysis of 43 tools designed to aid
in various steps [12]. The proposed process consists of two phases of analysis,
abstraction, transfer, and application. Repeating these four classes of steps leads
a practitioner through (1) problem analysis, (2) abstraction of a technical prob-
lem, (3) transfer of concepts to biology, (4) identification of biological models,
(5) selection of biological models, (6) abstraction of biological strategies, (7)
transfer of strategies back to technical context, and (8) implementation and
test of concept [12]. The classification of tools links each tool to one of the
four classes. Output ofWanieck’s analysis suggests that transfer and application
have the most associated tools, 33% and 37%, respectively, while abstraction
and analysis have the least, 18% and 12%, respectively [12].
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This suggests that problem analysis, biological model selection, and
abstraction of biological or technical concepts may either be among the hard-
est steps in the process or that tools do not have as much potential to facilitate
them. Complex steps such as problem analysis and concept abstraction may be
best facilitated by direct interdisciplinary collaboration rather than by use of
tools. Biological model selection has arisen as a consistent area of difficulty
for many individuals seeking to integrate biomimicry in their work and
thus may benefit from new or updated tools or methods at this stage.

Fayemi et al. analyzed the biomimetic process with a broader lens, docu-
menting various methodologies to approach it in the problem-driven direc-
tion [11]. The analysis involved mapping various published descriptions of the
process stages to a general problem-solving method. Furthermore, a “utility
tree” was presented that mapped specific BID tools to exact steps of the pro-
cess, ultimately encouraging a systematic tool-based approach for generating a
biomimetic concept. The tree highlights an important reminder that although
BID is often presented as a stepwise process, practitioners will likely engage
with the steps iteratively before reaching a supposed end or solution.

Generally, limitations to the use of existent tools include a lack of standard
language (e.g., keywords) to identify them in the literature or on the web, a
lack of clear documentation on their purpose and functionality, a lack of vali-
dation, and difficulty accessing or utilizing them in context with other tools
designed to facilitate adjacent steps of the biomimicry process. Many tools
and BID theories identified were designed as stand-alone tools and therefore
difficult to integrate into a user workflow. However, mappings such as that by
Fayemi et al. aid in navigating the tool landscape and increase potential for
developing a cohesive roadmap for use in PeTaL and beyond [11].

3.3 Virtual interchange for Nature-inspired
Exploration: 2019 Biocene Tools Workshop

On September 9e10, 2019, NASA’s Virtual Interchange for Nature-
inspired Exploration (V.I.N.E.) [13] held its first BID tools workshop to
explore existing and emergent tools and methods in BID. This workshop
included academics and industry professionals with a variety of experience
ranging from career BID researchers to those with newly budding interest
in learning how to incorporate BID into their industry or research. Invited
experts included tool developers, designers, systems engineers, BID consul-
tants, and industry professionals actively utilizing the BID framework in
practice.
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3.3.1 Purpose of the Biocene Tools Workshop
The purpose of the 2019 Biocene Tools Workshop was to bring a diverse set
of expertise and perspectives from multiple disciplines together to discuss the
state-of-the-art in BID and collaborate on tool integration and data curation
for application to PeTaL [14]. More broadly, the workshop sought to
contribute to the establishment of a “standard of practice” for BID use in
systems engineering, design, and engineering, and to develop a workflow
of both tangible next steps and long-term aspirations as they relate to
advancing this standard of practice. The target topics of the workshop
included key perspectives in BID, industry needs, BID design tools and
methodologies, data repositories, AI and data mining, and interface design.

3.3.2 Workshop objectives and activities
Objectives for the 2019 workshop can be summarized as follows:
1. Share current tools, approaches, and methodologies through talks and

hands-on demos.
2. Identify tangible gaps (e.g., tools) in research and methodologies.
3. Identify theoretical gaps (e.g., systematic design approaches) in research

and methodologies.
4. Learn about information storage and access (e.g., data repositories and

interfaces).
5. Contribute to ongoing case studies (e.g., thermal management) through

hands-on ideation sessions.
6. Provide a highly interactive environment that will foster collaborations

and working relationships beyond the scope of the workshop.
7. Identify and describe industry needs.
8. Conceptualize the future of BID practice.

The first annual Biocene Tools Workshop consisted of two days of talks,
panels, BID tool demonstrations, ideation sessions, and interactive networking
activities. Nearly 50 attendees from the United States, Canada, and Germany
convened at NASA’s Glenn Research Center in Cleveland, Ohio, for the
meeting, representing eleven companies, nine academic institutions, five
BID or environmental consulting organizations, and two government
agencies. Four additional attendees participated remotely.

During the workshop, there were four invited talks, five selected presen-
tations, three workshops with brief talks and hands-on tool demonstrations,
one panel on industry needs as they pertain to incorporating BID into prac-
tice, ongoing interactive networking opportunities including a “living wall”
and informal poster session, and two tours of NASA Glenn research labs.
The workshop concluded with an interactive report out session through
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which V.I.N.E. congregated feedback on short- and long-term goals for the
future of BID practice.

3.3.3 Biocene meeting output
At the workshop, participants were introduced to Edward de Bono’s Six
Thinking Hats and some lateral thinking tips in an interactive session [15].
During the session, participants were prompted to ideate on the White,
Green, Yellow, and Black hats and record their thoughts on colored sticky
notes. These hats represent thinking around the current state of information
and what is needed (White), creative possibilities and new concept genera-
tion (Green), optimism and value recognition (Yellow), and potential bar-
riers to implementation (Black). The concept behind the de Bono
method is to systematically compartmentalize group thinking to maximize
ideation efficiency and minimize nonconstructive dialogue, while yet main-
taining critical thinking on all angles of a project. In context of BID tools,
workshop participants were prompted as follows:
• White hatdWhat BID tools and resources exist and what are the

capabilities?
• Green hatdLong-term visiondwhat capabilities will exist? How do we

prioritize these goals?
• Yellow hatdStrengths/potential benefits of existing tools and resources.
• Black hatdBarriers to achieving vision, problems, or shortcomings of

current tools.
After the colored hats activity, participants were asked to identify critical

steps required to achieve a proposed 20þ year vision for BID tools in self-
selected groups. They were again asked to document their ideas on sticky
notes and arrange in a timeline during a 30 min session. The final activity
in this interactive session was a 15 min report out. Workshop participants
were prompted to discuss the long-term capability goals and intermediate
steps needed to achieve the proposed vision. For each task or proposed capa-
bility, they were encouraged to connect with other groups or individual par-
ticipants to discuss overlapping interests or collaboration opportunities, again
documenting any notes on a sticky note to add to the timeline. Through this
interactive exercise, workshop attendees generated a list of current BID
tools, sources, and methods, short- and long-term goals for practice, and rec-
ommended areas to address to move toward a BID standard of practice. The
output is summarized in Figs. 3.1e3.4.

3.3.4 Biocene meeting results
Thus far, PeTaL’s architecture includes facets of the Engineering-to-Biology
Thesaurus [16], BioMole [17], AskNature [18], and a modified version of
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the Biomimicry Taxonomy (referred to as the “PeTaL Taxonomy” [9])
[19]. The data populating PeTaL include a data set previously curated by
the Biomimicry Institute for AskNature as well as open-source data that
were scraped from digital scientific journals and open-source websites.
Fig. 3.1 highlights some of the tools currently used or concurrently being
integrated into PeTaL and ones that have high potential for future use.

Feedback from workshop attendees on short-term goals were ranked by
achievability and impact potential. Interdisciplinarity trended among the
highest impact concepts for the short-term (Fig. 3.2). Specific comments
suggested increasing the interdisciplinarity of tools and methods, team build-
ing, and improved education and training opportunities across disciplines.
The most frequent short-term trend was environmental concern including
sustainability concepts and respect for the environment and natural models
that are used for BID inspiration. Secondary themes included increased BID
education and professional training and the need for specific tools (e.g.,
CAD tools), techniques, and data repositories (e.g., a virtual-reality library).
Another notable short-term goal was to increase “quality control” of BID,
essentially teaching and promoting a common practice with established
guidelines to define it as BID and discouraging other practices that use
BID for other purposes. This goal of quality control appeared as a theme
in short-term responses, but not as a long-term goal.

A core facet of biomimicry is seeking environmentally sustainable solu-
tions to design challenges. Many proponents of biomimicry recognize the
importance of designing for ecologically sustaining practice that not only pre-
vents harm to environmental resources but also protects and supports biodi-
versity, ecosystem regeneration, and conservation efforts. Workshop feedback
specifically highlighted these ideas and specifically recommended orienting
BID to give back to the natural systems that serve as inspiration. For example,
channeling revenue from a financially successful bio-inspired product toward
conservation of the organism or ecosystem of inspiration would provide
added awareness and direct support of environmental protection efforts.
The primary goals for recognizing and giving back to our “biological role
models” would be to increase core respect for those from whom we draw
inspiration and extract value from, demonstrate the novelty and value poten-
tial of natural systems, and inspire further sustainability and conservation ef-
forts. Much of current design and engineering is human-centric, yet when
we expand the scope of who and what we are designing for, it opens up po-
tential for building a more sustainable world for all coexisting systems.

As BID inherently requires expertise from multiple disciplines (biology,
engineering, design, other physical sciences), increasing interdisciplinarity
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Figure 3.1 Tools, methods, and data organized by status of integration into the Periodic Table of Life (PeTaL). Source: NASA.
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within BID education, training, and tool development would lend itself to
creating more opportunities for effective BID practice to gain traction early.
For example, increasing requirements for cross-disciplinary training in
higher education would yield more effective future collaborations [20].
Feedback from workshop attendees included suggestions such as a required

Figure 3.2 Short-term goals for bio-inspired design practice. Source: NASA.
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BID course for engineers to receive accreditation or the establishment of a
direct career path for a biologist to work in industry. Moreover, there was
a suggestion to integrate a BID framework into aspects of the workflow
of other specific techniques, for instance, in CAD modeling. Generally,
increasing cross-disciplinary training requirements in both academic and in-
dustrial settings would allow BID practitioners to specialize in their field
while simultaneously learning how to integrate BID practices. In theory,
increased formal BID training would also mitigate concerns regarding
“bad” BID practice and lack of “quality control” in the short-term.

Themes for long-term goals included preserving the environment
through sustainable practices and a general need for more effective tools
(Fig. 3.3). There was also a general desire for BID to be used as a universal
concept, for example, as a standard practice in industry and education. In the
long-term, there appears to be less concern for misconceptions about BID, as
hopefully an established standard of practice will mitigate this risk. Particular
tools desired for the long-term tend to revolve around mass digital reposi-
tories and information sources. Within both short- and long-term responses,
more structured and targeted education and training were central themes
that can contribute to many of these goals.

As compared with the feedback regarding short-term environmental
goals, workshop attendees described larger-scale goals for environmental
protection and sustainability in the long-term. Themes included mitigating
pollution and nonrenewable resource depletion and promoting the use of
regenerative systems and renewable resources. Some specific suggestions
include replacing current high-carbon industrial processes with low-
carbon alternatives, developing communities of recycled or living buildings,
and designing cities that function like forests or are otherwise integrated into
the natural functioning of the surrounding ecosystem. There was also a
desire for increased recognition of the value of biodiversity and our limited
natural resources and an according desire for greater governmental and
corporate accountability for pollution and resource depletion.

Two major themes that workshop participants identified as potentially
problematic or lacking from the BID process were (1) centralized data repos-
itories of standardized mass data and (2) tools to bridge gaps between steps of
the BID process. In particular, mass data sources with structured data that
will not go obsolete and tools to help translate between disciplines and steps
of the process were recommended. Also noted was the desire for an integra-
tive methodology or workflow that will aid practitioners in transitioning be-
tween steps (see Fig. 3.4).
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Figure 3.3 Long-term goals for bio-inspired design practice. Source: NASA.
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Figure 3.4 Recommended areas of improvement for establishing a bio-inspired design (BID) standard of practice. Source: NASA.
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3.4 Analysis and discussion

Feedback from workshop participants identified a lack of centralized
and standardized data sources as one of the main challenges to BID practice.
Interestingly, the tool analysis by Wanieck et al. showed that tools charac-
terized as a database, static list, or catalog (DSC) made up 37% of analyzed
tools [12]. Tools in this category included collections of biological data
(i.e., organisms, features, principles, functions). The general desire for
more data sources suggests that either biomimicry practitioners are not aware
of current sources, current sources are not accessible or do not offer data in
useable formats, or the data in the current sources are obsolete or otherwise
not relevant to current needs.

Biomimicry community-based curation of universally standardized data
would contribute immensely to BID efforts, yet it is not entirely clear what
that standard would look like or how it would be scaled and maintained. For
example, what information will be most useful across disciplines? Who will
contribute and validate the data, and how will it hold its value over time?
PeTaL is currently seeking to establish a data repository that is as compre-
hensive as possible that will house biological data from peer-reviewed liter-
ature and web sources, and eventually AI-generated data from images,
figures, and other biological sources. A long-term vision is to integrate digi-
tized data from natural history museum collections to include data on extant
as well as extinct biological organisms and natural systems.

A second theme from workshop feedback concerned a lack of tools to
bridge gaps between steps in the BID process and a desire for a more integra-
tive workflow. Considering the number of BID tools that have been devel-
oped over the past three decades, it is likely that practitioners run into the
same issues as above when trying to access and utilize tools. Many tools are
inaccessible, unsupported, functionally obsolete, or otherwise too specialized
to be user friendly. Moreover, the reality that many tools were designed as
stand-alone aids limits their potential for integration with other tools into a
workflow. Fayemi et al. presented a flowchart advising the systematic use
of specific tools to facilitate the BID process, which certainly has potential
to help a practitioner navigate the tool landscape [11]. PeTaL is similarly
envisioned to integrate many current and new tools into a streamlined work-
flow to help a user engage with the entire BID process. Much of PeTaL’s tool
integration efforts involves heavily modifying or adapting tools to fit and
work with other tools and features efficiently. Output from the interactive
report out session on tools and resources was organized into a roadmap for
tool integration in PeTaL (see Fig. 3.5).
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3.5 Conclusions and future directions

To facilitate collaborations between biomimicry practitioners around
the globe from multiple expertise, NASA’s Glenn Research Center estab-
lished NASA V.I.N.E. in August 2016. V.I.N.E. provides a platform for
multidisciplinary collaboration between NASA researchers and outside insti-
tutions from academia, industry, education, other government organiza-
tions, and citizen scientists on projects related to BID research and
innovation. As of Spring 2021, V.I.N.E consists of seven active working
groups called “clusters” [14].

Each cluster is led by one or more volunteer subject matter experts
referred to as “catalysts;” membership is open to all, regardless of affiliation
or expertise. The subject matter of each cluster falls generally within the
topics listed on the NASA V.I.N.E. website, but these are subject to change
depending upon the expertise and interests of current and new members. A
long-term incentive of V.I.N.E. as a multidisciplinary and multiinstitutional
network is to curate large amounts of standardized data for PeTaL. Albeit a
lofty vision, preliminary discussions on how to mass digitize natural history
museum collections for use in biomimetic applications are being spear-
headed by NASA Glenn and the Cleveland Museum of Natural History.

Figure 3.5 Roadmap for tool integration into PeTaL. PeTaL, Periodic Table of Life.
Source: NASA.
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The PeTaL team is actively working toward a long-term goal of mass
data curation and standardization to develop the most comprehensive tool
possible and to allow multiple distinct tools to work cohesively, both within
and beyond PeTaL. The short-term vision is to establish a minimum viable
product (MVP) that can output relevant biological literature to user queries.
The team is currently working with a data set of 1371 peer-reviewed bio-
logical journal articles labeled with functional biology terms. Most of this
data set was originally curated by AskNature and contained labels corre-
sponding to the “Biomimicry Taxonomy” developed by Biomimicry 3.8.
The PeTaL team has since modified that taxonomy with updated functional
terms to create the “PeTaL Taxonomy.”

PeTaL’s current working data set includes updated labels corresponding
to the PeTaL Taxonomy. With the labeled data, the team is training a ma-
chine learning model to do text classification. This model will be used to
classify hundreds of thousands of other texts, so that a future user may query
PeTaL for a set of papers related to a specified problem (i.e., user queries
with a function from the taxonomy and PeTaL retrieves and outputs all rele-
vant articles). To obtain a larger data set of labeled papers for PeTaL’s ma-
chine learning model, we are crowdsourcing manual labeling via Amazon
Mechanical Turk [21]. Subsequent work will involve further refinement
and visualization of the data, for example, outputting predictive design so-
lutions (e.g., CAD models) to user queries. In the long-term, we propose
that by integrating various tools and providing a platform upon which to
establish a large open-source data set, PeTaL will help streamline the bio-
mimicry process for current and future practitioners.
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CHAPTER FOUR

Parallels in communication
technology and natural
phenomena
Robert Romanofsky
Communications and Intelligent Systems Division, NASA Glenn Research Center, Cleveland, OH, USA

4.1 Introduction

The premise of this chapter is more than art imitates life (i.e., technol-
ogy imitates nature)dit is a nascent step to see how we might be unwittingly
inspired and influenced. An example that immediately comes to mind is a
starling murmuration (a phenomenon called scale-free correlation) and
Studio Drift’s recent Burning Man aerial installation simulating a flock of
starlings [1]. We seem instinctively tantalized by large-scale, harmonious
motiondlike parades. Such things require a sophisticated coordination
algorithm to govern the phenomenon.

Analogously, superconductivity is a macroscopic manifestation of a quan-
tum phenomenon of choreographed electrons (i.e., an electron “murmura-
tion”) that enables astonishing devices [2]. Under certain conditions,
electrons condense into pairs governed by the same lock-step wave function
and exhibit phase coherence on a large scaledleading to things like zero resis-
tance to electrical current. Metaphorically, superconducting electrons are cars
at a stop light that synchronously accelerate when the light turns green
(as opposed to each car waiting for the preceding car to move first in order
to avoid a collision). The traffic efficiency is greatly enhanceddimpedance
temporarily vanishes. At temperatures well below a critical temperature,
the resistivity of a superconductor actually scales with frequency squared [2].

There is indeed an intimate connectedness between the biosphere and
electrodynamics. Our brains are complex neural circuits generating mag-
netic fields with a magnitude around 100 femtotesla (roughly 10 billion
times weaker than a typical magnet used to tack notes to a refrigerator
door). Migratory birds navigate by orienteering with respect to the earth’s
magnetic field. Electromagnetic field therapy is used in orthopedics to aid
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in bone repair. The electric eel generates a large electric field for self-defense.
Sharks apparently detect extremely weak electric fields for finding prey.
There are similarities between the way a field of wheat responds to a breeze
and the natural restoring forces of a semiconductor crystal. And waves in a
slowly moving river can lap backward against a peninsular shoreline
mimicking a diffraction effect. One wonders how observation of phenom-
ena like these subtly guides discovery. This chapter enumerates and exam-
ines these types of connections and parallelisms and contemplates how
they may influence creativity.

4.2 The Schmitt Trigger: Biomimetics and
synchronicity

In the 1950s, biophysicist Otto Schmitt coined the phrase “biomi-
metics” [3]. As part of his doctoral research, he analyzed the nerves of squids
in an attempt to create a device that mimicked nerve impulse propagation.
He developed a fast transition comparator circuit that today is called the
Schmitt trigger. The transmission of a nerve impulse along a neuron occurs
as a result of electrical differences across the membrane of the neuron
(Fig. 4.1). A potential develops when a neuron transmits information along
an axonda process that involves a sudden release of electrical energyd
essentially a threshold effect. The process is abetted by an exchange of
sodium and potassium ions and occurs on a timescale on the order of milli-
seconds and involves potentials on the order of millivolts. A Schmitt trigger
is a bistable electronic device used to square up waveforms or remove noise

Figure 4.1 Operational amplifier implementation of a Schmitt trigger (left). The resis-
tors form a voltage divider. When Vin exceeds Vþ, the op amp suddenly changes state.
The positive feedback reinforces the state decision. The neuroneneuron communica-
tion channel (right) is normally closed but rapidly opens when the membrane potential
increases to a precisely defined threshold voltage as in the case of the Schmitt trigger.
Source: created and drawn by author.
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by using a detection threshold. “There are numerous electrical systems in
which it is desired that a slowly varying potential from some control device
shall actuate another circuit in a positive, ‘oneoff’ manner,” according to
Schmitt [4]. The electrical impulse, once triggered, propagates along the
axon which acts like a transmission line. The synapse is a gap between the
“transmitter” on the left and “receiver” on the right. The axon is protected
by fatty tissue called myelineanalogous to the insulator on a coaxial trans-
mission line. Damage to that insulator (demyelination) causes
various diseases such as multiple sclerosis. Presumably the impulse becomes
distorted, or even blocked. Electrochemical neurotransmitters are analogous
to photons and the axon terminal is like an antenna.

Schmitt seems to have possessed an almost instinctive approach to
problem-solving by leveraging biological and physical clues in the natural
world. Maybe it was just a keen interest in biophysics. He conducted
work on biomimetic modeling of the heart. Respiratory action deflects
the diaphragm and causes variations in electrocardiograms (ECG). Schmitt
published a method to overcome this “noise” by signaling patients to
breathe in synchronization at a submultiple of their heart rate [5].

Schmitt was also given to more eccentric pursuits and had strong convic-
tions about telekinesis and telepathy; he was not alone. Edgar Mitchell, an
astronaut on the Apollo 14mission, conducted “perception of nonlocal infor-
mation” experiments that were not sanctioned by the NASA. It is not the
intent of this chapter to delve into pseudoscience; the topic is mentioned
only briefly in the context of imagination and/or fringe theory as factors in
conceiving new science and technology. Science fiction can become science
fact, a self-fulfilling prophecy of sorts. For example, in the late 19th century,
mining the asteroids was a topic for science fiction; currently, mining asteroids
[6] is an aspect of in situ resource utilization that has been a topic of serious
inquiry for the past several decades. The German physicist Karl Schwarzschild,
in 1916, provided a solution of general relativity that described a phenome-
non known as a black hole. By the 1950s, black holes were the subject of sci-
ence fiction; within 20 years, however, a black hole known as Cygnus X-1
was reported [7]. In August 2016, China launched the Quantum Experiments
at Space Scale (QUESS) satellite [8]. The technology is based on a nonlinear
crystal that produces pairs of entangled daughter photons whose attributes
apparently remain entwined regardless of how far apart the separation; a syn-
chronicity of particles that evidently transcend space. The pair behaves like a
single, unified system. There is no classical physical way to explain this phe-
nomenon (see the discussion in the Section 4.9).
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The brain’s essential function is to receive, comprehend, and transmit
signals. When a neuron fires, it creates a potential that propagates to adjacent
neurons, presumably generating an electromagnetic disturbance. That is, the
miniscule currents generate a magnetic field. Some believe that conscious-
ness itself is stored in the presumed near field generated by synchronous
neuron firings. Putting things in perspective, a typical refrigerator magnet
is about 100 times stronger than the earth’s magnetic field which is around
0.05 milliTesla at the surface. The field generated by the human brain is
about 100 million times weaker than the earth’s magnetic field. Physics dic-
tates that propagating electromagnetic fields decay as distance squared. Thus,
if transmission of thought waves was remotely possible, it would happen
through rather “spooky physics,” Carl Jung referred to this phenomenon
as synchronicity, implying a relationship between nature and consciousness,
suggesting that everything is connected. Mainstream science and rationality
regard such things as random chance or mere coincidences; we tend to be
constantly searching for the appearance of patterns in unusual contexts [9].
A more palatable form of synchronicity is actually a very common natural
phenomenon. Christiaan Huygens serendipitously discovered pendulum
clock synchronicity in 1665. Two pendulums on adjacent clocks eventually
swing at the same frequency. He called it “an odd sympathy” [10]. The eerie
phenomenon is still being studied. Biological rhythms involving respiration
and pulse rate rhythms, for example, synchronize with each other to mini-
mize energy consumption. We will revisit the so-called “spooky physics,” at
the end of the chapter; there will be more on synchronization, what Albert
Einstein once described as “spooky action at a distance” [11].

4.3 Sense and avoid: Collective motion in bird flocks
and aircraft formations

In early Autumn, it is not uncommon to observe a flock of birds syn-
chronously oscillating to and fro as a unit. One bird changes velocity (direc-
tion and speed), and the others seem to react coherently and instantaneously,
regardless of the size of the flock. The murmuration phenomenon was called
“scale-free correlation” by Ferrante et al. [12]. This collective motion can be
observed in bird flocks, fish schools, honeybee swarms, cattle stampedes, etc.
Correlation lengths of velocity fluctuations in starling flocks are not set by a
specific interaction range but are instead scale-free. It has been suggested that
such critical dynamics could provide an evolutionary advantage by allowing
the flock to optimally respond to an external perturbation such as a predator

84 Robert Romanofsky



attack [13]. Ferrante et al. considered an active elasticity model, where N
self-propelled agents are moving in two dimensions, with neighbors perma-
nently linked by virtual spring-like linear forces. That work also provided a
bio-inspired algorithm that can produce coherent, group-level collective
motion for robot swarms or other artificial flocks. Given that a centralized
algorithm has a single point of failure, decentralized control is more resilient.
In an artificial swarm, instead of each drone communicating a complete map
of safe space to every other drone, a decentralized algorithm requires infor-
mation sharing only with immediate neighbors. Young et al. determined
how birds manage uncertainty while maintaining flock consensus. Evidently
each bird “communicates” with seven nearest neighbors [14].

Throughout the world, there is a proliferation of unmanned aerial vehi-
cles (UAVs) for recreational and business purposes. Historically, the use of
corridors (highways in the sky) and human-in-the-loop air traffic manage-
ment and radar systems ensured safe separation of aircraft. Urban Air
Mobility/Advanced Air Mobility (UAM/AAM) is an emerging aviation
market using innovative aircraft to more flexibly transport people and cargo
between places currently unserved by commercial aviation. Services are
envisioned to include autonomous (unpiloted): small package delivery
within dense urban areas, personal taxi service by air, air medical services,
etc. UAM/AAM exploits low-altitude (500e5000 ft above ground level)
airspace to transport passengers or cargo to local destinations. Vertical takeoff
and landing (VTOL) is a key enabling component of the heavy traffic archi-
tecture. Unlike conventional aviation dependent on air traffic management
for safety, the architecture will be largely autonomous. Cognitive radio and
radar systems (i.e. that can dynamically adapt waveforms and bandwidth to
optimize performance in a given environment) will undoubtedly play a vital
role in sense and avoid operations perhaps employing techniques adapted
from murmuration phenomenon. Large urban centers are comprised of
densely packed buildings and other structures, and interference and multi-
path effects are major challenges (Fig. 4.2). The airspace will be congested,
and the aircraft will need to autonomously cooperate with neighboring
aircraft and employ sense and avoid algorithms [15]. Recently, researchers
investigated automotive sensors for collision avoidance by studying the anat-
omy of the locust brain in the context of detecting and avoiding approach-
ing objects [16]. Formation flying in aviation and self-organizing small
spacecraft certainly derived from observation of flocks and swarmsd
whether we care to admit it or not.
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4.4 Periodic structures: Crystals and electronic filters

Phonons represent vibrational motion (acoustic waves) in an elastic
solid (i.e., crystal) structure. The crystal lattice is rigid so the atoms must
be influencing (exerting forces on) neighboring atoms to keep each atom
at its nominal equilibrium position. Displacement of atoms from this equi-
librium position generates vibrations (waves), which propagate through the
crystal. The amplitude of the wave corresponds to displacement, and the fre-
quency depends on separation between atoms. Imagine a vibrating guitar
string nominally centered on the z-axis. The displacement of the string
can be described as a superposition of sine and cosine functions with argu-
ment (z � vt) where v is velocity and t is time. A simple mechanical model
of the lattice consists of small masses (atoms) distributed uniformly along the
z-axis, which are attracted to nearest neighbors by a spring (elastic force).
There is a well-known theorem in electrical engineering (and other disci-
plines) referred to as the Nyquist sampling condition [17]. In that seminal
paper, “discussion is given of the minimum frequency range required for
transmission at a given speed of signaling.” It establishes a minimum sam-
pling interval to enable faithful reconstruction of a functiondsuch as a

Figure 4.2 Urban communications operational airspace. A metropolitan region pre-
sents an ideal business opportunity due to the high demand for personal mobility
and delivery services. However, it entails difficult physical and radio frequency (RF) chal-
lenges for command and control communications. This region is comprised of a high
density of physical features consisting of closely located buildings, other urban struc-
tures, and diverse sources of RF signals all posing potential interference with the com-
mand and control signals. Source: I. Greenfeld, Concept of Operations for Urban Air
Mobility Command and Control Communications, NASA/TMd2019-220159, Courtesy:
NASA.
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wave propagating through a crystal. So, the periodicity of the crystal deter-
mines which wavelengths can propagate (only certain modes are allowable).
These uniform oscillations play an important role in physical properties of
the material, such as thermal and electrical conductivity. A comprehensive
discussion of wave propagation in periodic structures can be found in
Ref. [18].

An excellent analogy for this effect exists in electronic circuits comprised
of a periodic arrangement of inductors and capacitors forming a frequency
filter. In fact, mechanicaleelectrical analogies are well known, and models
in each domain are used interchangeably to help understand various devices
and phenomenon. For example, mechanical force is equated with electrical
voltage. Comparing a translational mechanical system to a series RLC cir-
cuit, mass is analogous to inductance, and the spring constant is analogous
to the reciprocal of capacitance. It is a simple exercise: consider a cascade
of short sections of lossless transmission lines shunted by a variable capaci-
tance C0, so as to form the infinite periodic structure as illustrated in Fig. 4.3.

Each distributed transmission line section is modeled by an inductor (L)e
capacitor (C) circuit, and each unit cell consists of L, C, and C0. Let the
separation of each unit cell be designated as s. Such periodic structures
exhibit slow-wave behavior (vp << c) and band-pass characteristics just
like acoustic wave propagation in crystal structures. A wave traveling
through this periodic structure will only experience a phase shift (or

Figure 4.3 Perovskite crystal structure showing oxygen octahedral cage (left). The crys-
tal structure is given by the general chemical formula ABO3 where the A element is a
large cation situated at the corners of the unit cell, the B element is a smaller cation
located at the body center, and O are oxygen atoms forming an octahedron. The A-
site ion is generally an alkaline earth or rare earth element and the B site ion a transi-
tional metal element. A chain of LC circuits representing an infinite, periodically loaded
transmission line resulting in slow-wave propagation and acting as a low-pass fre-
quency filter (right). Source: created and drawn by author.
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equivalently a time delay) from unit cell to unit cell, such that Vn is delayed
relative to Vn-1 as follows (Eq. 4.1):

Vn¼Vn�1e
�jqs (4.1)

In general, qs could be complex to account for attenuation (resistors - R)
as well as phase shift. Summing currents leaving node n results in Eq. (4.2):

0¼VnðjuCþ juC0Þ þ ðVn�Vn�1Þ
� ð�j = ðuLÞÞ þ ðVn�Vnþ1Þð�j = ðuLÞÞ (4.2)

Substituting, we arrive at Eq. (4.3):

cosðqsÞ¼ 1=2
�
2�u2LðCþC0Þ� (4.3)

Requiring qs to be real to represent a propagating mode, letting
cos(qs) ¼ �1, we find the structure has a zero lower frequency cutoff uL
(obvious by inspection) and an upper cutoff frequency given by Eq. (4.4):

UH¼ 2=ðLðCþ C0ÞÞ1=2 (4.4)

In practice, C0 can be tuned to change the cutoff frequency, like
adjusting the spring constant in the crystal mass-spring model. Various
periodic compositions of inductors and capacitors can be used to form
low-pass, high-pass, and band-pass filters and other devices at arbitrary
frequencies [19].

Crystals, aesthetically appealing precious and semiprecious minerals that
are precisely arranged at the atomic level, have enthralled people throughout
history. The particular lattice arrangement does filter certain bands of energy.
The combination of craftsmanship and esthetics has led to an alternative form
ofmedicine for somedused for meditation and healing. Mainstreammedical
science attributes any positive result to the placebo effect.

4.5 Charles Darwin: Butterflies, genetic algorithms
and microwave antennas

Modern biology began in the 19th century with Charles Darwin’s
work on evolution, along with contributions from Alfred Wallace and “sur-
vival of the fittest.” Darwin’s theory of “natural selection” concerns the sur-
vival (reproduction) of species due to differences in phenotype (basically the
morphology of an organism resulting from interaction with the

88 Robert Romanofsky



environment). It is the basic mechanism of evolutiondadaptation that is
inherited in a population if advantageous. While evolution implies one va-
riety outcompeting another, there is a distinction between viability and suc-
cess. The success (accomplishments) of humans is surely more attributable
to cooperation than strength and/or simple survivability; the term “fittest”
is an objective concept that needs more careful consideration.

Evolution is an iterative process and starts from a population of randomly
generated solutions, with the population in each iteration called a genera-
tion. These traits are encoded in the DNA and inherited by offspringd
blueprints for subsequent generations. Genetic algorithms are commonly
used by humans to generate optimized solutions by relying on the equiva-
lent of mutations (variations in selected input parameters). The fitness
(objective function) of each solution in the population is evaluated. Due
to its random nature, the genetic algorithm tends to find a global, as opposed
to local, solution.

Arthropods evolved a unique appendage recognized as an antennada
sensory organ for primarily smell. Receptors on the antenna sensitive to
odors (e.g., pheromones) trigger neurons (signal detection), and change in
potential is delivered via axons to the brain for processing. The Monarch
(“king” of butterflies) is famous for its annual migration from Canada to
Mexico. TheMonarch does not have many predatorsdit is inedible because
in its caterpillar and mature state, it feeds on milkweed. The caterpillar stores
the cardiac glycoside toxins in its exoskeleton where they remain even after
metamorphosis into a bad tasting butterfly. Somehow, potential predators
associate the Monarch’s distinctive orange and black color pattern, and
care-free flight pattern, with danger. Speaking of biomimicry, the Viceroy
butterfly is nearly identical in appearance to a Monarch and behaves similarly
but is also ignored by would-be predators. It was once regarded as a Batesian
mimic (an imitator of a harmful species) but recently reclassified as a M€ulle-
rian mimic (mutually beneficial mimicry). The Clearwing or Hummingbird
moth is the textbook example of a Batesian mimic. It strongly resembles a
large bee in appearance and flight pattern, but it is nontoxic [20,21]. It is
believed that the Monarch’s antennae are also responsible for timing and
navigation to enable its arduous journey. Antennae are an essential compo-
nent of any communication, navigation, or radar system. In essence, a mi-
crowave transmit antenna is an electron-to-photon converter and vice
versa for a receive antenna. It converts current on a conductor into a
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wave propagating in space. Antenna radiation patterns (i.e., the angular dis-
tribution of the electromagnetic field) can be determined if the current dis-
tribution on the metallic structure is known along with boundary
conditions. Once the relevant properties are known and a basic design is
created, parameters are optimized, using everything from intuition and
experience to empirical prototype testing. It is usually a tedious and iterative
and occasionally expensive process. With a genetic algorithm, it is possible to
design an antenna using a completely deductive approach.

The NASA Space Technology 5 (ST5) mission advanced electronic part
miniaturizing technology and helped usher in an era of “microsats.” The
mission involved three 25-kg cooperative microsats and helped our under-
standing of the harsh environment of earth’s magnetosphere. There were
strict constraints on the antenna design. The voltage standing wave ratio
(VSWR) had to be less than 1.2 at the transmit frequency (8470 MHz)
and less than 1.5 at the receive frequency (7209.125 MHz). Furthermore,
the antenna was restricted to a mass under 165 g, and it had to fit in a cyl-
inder of height and diameter of 15.24 cm [22,23]. There were also specific
radiation pattern and polarization characteristics. Nodes in the tree branche
like structure specify the length of a wire and joint angle rotation relative to
the coordinate system. The fitness function used to optimize performance
considers the voltage standing wave ratio (VSWR) and gain as a function
of angle for transmit and receive frequencies. VSWR is a measure of how
well the antenna is matched to the transmitter to maximize power flow.
The best antenna design found using a genetic algorithm was fabricated
and tested. In comparison with traditional design techniques, it has a number
of advantages including efficiency, fabrication time and complexity (leading
to reduced cost), and performance. A similar method was used to develop a
segmented three-dimensional wire monopole antenna optimized to operate
in both the Wi-Fi and Wi-Max frequency bands (2.4e2.48 and
3.3e3.7 GHz) as shown in Fig. 4.4.

Lightweight, wideband performance and high radiation efficiency were
design drivers. Each segment of an antenna structure was coded by three
geometrical dimensions (three genes): its length, d, its elevation, and azi-
muth angles, q and 4, respectively. Geometric constraints included the
following: there is no intersection between any nonconsecutive segment,
and all the segments are above the ground plane (z > 0). Measured and
modeled performance agreement (VSWR and gain) was excellent. A recent
reference discusses an application to unmanned aerial vehicles [24].
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4.6 Color and light: Butterflies and dichroic mirrors

The Morpho rhetenor is a brilliant blue, iridescent butterfly. It exhibits
coloring through a multilayer scale structure, not pigmentation. Despite
the omnipresent blue sky, the color blue is exceedingly rare in nature
(e.g., blue eyes, blue minerals, blue plumage, etc.) and consequently prized.
Most naturally occurring compounds absorb in the ultraviolet to blue
portion of the electromagnetic spectrum and are not readily produced bio-
logically. Lapis lazuli, an intensely blue metamorphic rock, was mined and
used to adorn pharaohs’ tombs and was used in the funeral mask of Tutank-
hamun [25]. Nature’s alternative solution is to create blue coloration not by
pigmentation, but by only reflecting the blue component of white light. A
display technology based on the reflective properties of Morpho wings was
commercialized by Qualcomm in 2007 [26]. The 2014 Nobel Prize for
physics was awarded to a trio of scientists for inventing the elusive blue
light-emitting diode (LED). The primary colors (red, green, and blue)
cannot be created from other colors, and by combining red, green, and
blue light, white light is produced. Ubiquitous LED-based white light
“bulbs” are efficient and inexpensive today. Butterfly images were also
found in tomb scenes as are the metallic appearing scarab beetle (often asso-
ciated with ancient Egypt). The brilliant iridescent hue of a scarab beetle’s

Figure 4.4 Evolved antenna based on a genetic algorithm. A typical fitness (objective)
function is proportional to voltage standing wave ratio and gain error. The goal is to
minimize the function. Source: F. Benmahmoud, P. Lemaitre-Auger, S. Tedjini, Fully
metallic dual-band 3-D wire antenna for Wi-Fi and Wi-MAX applications, Prog. Electro-
magnet. Res. C 108 (2021) 147e158, reproduced courtesy of The Electromagnetics
Academy.
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armor is due to another property of light exploited by biologyd
polarization. Certain jewel scarab beetles are treasured by collectors,
some mimic other creatures for security [27]. Polarization modulation is
used today to encode information on optical and microwave communica-
tions signals.

Mimicking the Bragg grating scales of a morpho rhetenor, interference
patterns can be formed from multilayer thin films (butterflies belong to the
Lepidoptera, or scale wing, order of insects). The grating exploits the di-
mensions and periodicity of the scale structure to reflect a very narrow
portion of the electromagnetic spectrum (Fig. 4.5). A dichroic mirror is a
filter that uses alternating layers of dielectric films with particular thicknesses
to obtain nearly perfect reflection and transmission at chosen frequency
bands. The dielectric films have different refractive indices. Interfaces be-
tween the layers produce delayed reflections, constructively reinforcing
certain wavelengths of light and interfering with other wavelengths.
Fig. 4.5 shows optical characteristics of an RF transparent subreflector
that is highly reflective around 1550 nmdan optical communications
band. The mirror consists of an 11-layer stack-up of rutile (the most stable
phase of titania (TiO2), 158 nm thick) and silica (SiO2d269 nm thick)
fabricated by electron beam deposition. The mirror was intended to sit in
front of a small 32-GHz antenna; therefore, it needed to be transparent
at that microwave frequency while efficiently reflecting an optical
communications signal at 1550 nm [28].

Figure 4.5 Morpho rhetenor dorsal view (left) and RF transparent Bragg subreflector
(right). The butterfly’s wing-scale structure (akin to a Bragg grating with light refracting
off of a periodic nanoscale structure) is barely visible but responsible for its iridescent
blue color. The ventral view would show a highly camouflaged butterfly (i.e., when the
wings are folded). Measured results for an e-beam evaporated 11 layer-TiO2/SiO2 Bragg
dielectric mirror. Reflection at 1550 nm is >99.6%. RF, radio frequency. Photograph
courtesy of Laura Hooley, Reproduced with Permission.
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4.7 Smart materials: Artificial muscles and antennas

Ionic polymer metal composites (IPMCs) are created by embedding a
metal a few microns deep into an ionic polymer through a series of
oxidationereduction reactions (e.g., platinum is imbedded into Nafion).
These materials bend when a voltage is applied to them and also create a
voltage when they are bent by an outside force. When a voltage is applied,
they bend toward the anode, acting as actuators [29]. Originally, they
attracted much attention because of their potential for use as artificial mus-
cles and other medical applications but recently have been under consider-
ation for a wide variety of applications. Typical behavior is illustrated in
Fig. 4.6 [30,31]. The IMPC of length L undergoes an end deflection
d such that the radius of curvature (r) can be estimated by Eq. (4.5):

rz
�
L2þ d2

�
=2d. (4.5)

Anticipated scenarios concerning the human and robotic exploration of
space may benefit from z10-m class antennas, operating at frequencies
above 30 GHz, to fulfill some mission data requirements. Envisioned appli-
cations include a Mars aerostationary relay satellite and deep-space relay sta-
tions at Jovian distances (e.g., SuneJupiter liberation point). Fairing size
limitations and mass considerations point to deployable gossamer apertures
as a viable solution. Small spacecraft missions (e.g., 50 W/50 kg) and lunar
reconnaissance orbiters could also be enhanced by low-mass, very-low-
stowage volume antennas. Certain earth science missions, such as

Figure 4.6 IPMC, mapped with laser radar system, with 500 Ǻ of gold. Scan shows both
in neutral state (black) and with applied 5 V (blue), with gold side touching anode. Bot-
tom view and front view (left). Maximum deflection was 0.59 in. An electric field in-
creases the ionic concentration pulling the polymer film along. Ionic polymer metal
composite sample was made at the University of Maine, Orono by Mohsen Shahinpoor.
Source: Drawn by author/adapted from M. Shahinpoor, K. Kim, Ionic polymer-metal
composites: I. Fundamentals, Smart Mater. Struct 10 (2001) 819e833.
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precipitation radar, could be enhanced by large gossamer reflectors.
Achieving the necessary surface accuracy at these very high frequencies is
a challenge. Root-mean-square surface error must be less thanz0.05 wave-
lengths for less than 1 dB gain degradation. IPMCs might be used to make
these gossamer structures “smart” and thereby allow for corrections to the
nominally parabolic shape. The IPMCs could be imbedded into the surface
of the antenna, and their motion sensor capabilities would be used to detect,
and correct, deformations that occur.

4.8 Whispers: Cathedrals and virus detectors

It was mentioned in Section 4.2 that the intensity of an electromag-
netic field dissipates as distance squared. The same physics governs acoustical
waves. The term “whispering gallery” was coined by Lord Rayleigh in the
19th century to describe a phenomenon in the dome of St. Paul’s cathedral
in London [32]. A literal whisper at one end of the dome could be distinctly
heard at the opposite end of the domeda significant distance (see Fig. 4.7).
The sound is evidently guided along the surface with little attenuation.

The effect has been mimicked in electromagnetic whispering gallery
mode (WGM) microresonators that possess extremely high quality factor
“Q,” at least 108. Section IV discussed an application of RLC circuits.
The quality factor of such a series RLC circuit is Q ¼ 1/(uoRC) and de-
scribes the ratio of energy stored to energy lost per cycle of oscillation, or

Figure 4.7 Simplified unscaled diagram for detecting a virus with a whispering gallery
mode resonator. As the laser is frequency-tuned across a wavelength range, the optical
resonances of the sphere are observed as sharp dips in the transmission spectrum
through the fiber conduit. The virus particles perturb (load) the microsphere and
change the unloaded frequency. A typical microsphere is z100 mm in diameter, and
a standard single mode fiber has a 9 mm core diameter and a 125 mm cladding diam-
eter. The COVID virus is nominally z0.1 mm in diameter. Adapted from G. Adamovsky,
et al., Polarization Dependent Coupling of Whispering Gallery Modes in Microspheres,
NASA/TMd2010-216902, June 2010.
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equivalently as the ratio of center radian frequency uo to bandwidth. Resis-
tance “R” represents loss or damping of the oscillation, and high R implies
low Q. Consequently, any system’s efficiency and bandwidth will be
inversely related. Bandwidth defines the frequency interval at which spectral
energy content has diminished by one half. A clock pendulum pivoting on a
jewel bearing with no viscous forces would have a relatively high Q. An an-
tenna with a center frequency of 32 GHz and a Q of 100 has a half-power
bandwidth of 320 MHz. The Q of a guitar sting is about 1,400 [33]. The
quartz crystal in a wristwatch determines timing accuracy (drift) and can
be modeled as a series RLC circuit with a very high Q (around 100,000).

The extremely high Q and small size of the resonators makes their prop-
erties extremely sensitive to minute perturbationsdsuch as proteins or
viruses bound to the microsphere. WGM, also known as morphology-
dependent resonances, can be regarded as circular beams facilitated by total
internal reflections. This property enables a variety of chemical, electromag-
netic (e.g., optical gyroscopes), biological, etc. photonic sensors. Generally,
light is coupled to WGMmicrospheres using an optical fiber. Vollmer et al.
detected proteins by monitoring the resonant frequency shift in a WGM
microsphere [34]. The basic apparatus to generate whispering gallery modes
in microspheres involves a tunable laser, a microsphere on the order of
450 mm in diameter and usually mounted on a stem for easy manipulation,
an optical fiber to deliver light from the laser to the microsphere, and a
photodetector as depicted in Fig. 4.7. One of the most efficient arrange-
ments to couple light into a microsphere using optical fibers involves polish-
ing a flat section on the fiber cylindrical surface, which removes part of the
cladding, and then the microsphere is placed on the flat section located close
to the core [35,36]. Since the evanescent field extends past the microsphere
volume, resonant modes are affected by the intimate environment of the
microspheredboth the resonant frequencies and the Q’s of the whispering
gallery modes. A subtle shift in resonant frequency is readily detectable
because of the extremely high Q. The surface of the resonator can be treated
so that it binds only specific molecules to improve selectivity.

4.9 Spookiness: Quantum entanglement and
advanced cryptography

One of the most unusual implications of quantum physics is photon
entanglement (which is relevant to not only photons but other “particles”
as well). The act of observation of one “entangled” photon will evidently
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instantly affect its twin regardless of their spatial separationdas if they were
connected by a seemingly infinite communication channel. For example,
the spin, polarization, etc. of one particle determines the quantum property
of its twin. The entangled photons apparently share a combined quantum
state and occupy an occult communications channel. Albert Einstein had
reservations about quantum entanglement and referred to it as “spooky ac-
tion at a distance” in the famous EPR paper [11]. The argument is that no
action on the first particle could instantaneously affect the other since this
would involve information being transmitted faster than lightdforbidden
by the theory of relativity. Experiments verify that the pair behaves as an en-
tity rather than separable particles. This intense field of research conjures up
controvertible topics including superluminal communications, the direction
of the arrow of time, precognition, and possibilities of interconnectedness
between consciousness and spaceetime.

Quantum key distribution (QKD), sometimes called quantum cryptog-
raphy, holds much promise for unconditional security in a world more and
more dependent on electronic communications and the Internet. There is
growing concern that conventional public key cryptographic systems (incor-
porating integer factorization techniques) would be vulnerable to a “hacker”
with a quantum computer. The physics of QKD holds that it is impossible
for an eavesdropper to intercept or tinker with a QKD-protected signal
without alarming the intended recipient. Two parties can communicate in
secrecy by sharing an encryption key encoded in, for example, the polariza-
tion of photon string. China launched the world’s first quantum satellite in
2016. The 600-kg Quantum Experiments at Space Scale (QUESS) satellite,
which lifted off from the Jiuquan Satellite Launch Center in northern China,
successfully entered orbit at an altitude of 500 km. The mission demon-
strated the reality and promise of spooky action. In April 2019, a CubeSat
called SpooQy-1, hosting a quantum payload, was developed by the Centre
for Quantum Technologies at the National University of Singapore and
deployed from the International Space Station [8].

Many technical hurdles remain to implement practical free-space sys-
tems. A key challenge is development of a high-brightness quantum-
entangled photon source with very narrow spectral bandwidth. Narrow
spectral bandwidths are needed to interact with quantum memories and
to improve background noise immunity. Photons traveling through space
dissipate and are scattered or absorbed. Also, amplifying a signal while pre-
serving the delicate quantum state has proven extremely difficult. Prolific
entangled photon sources are enabling for quantum communications. An
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experiment using a periodically poled potassium titanyl phosphate wave-
guide generated polarization-entangled photon pairs [37]. The system inte-
grated a 1064-nm diode laser with a nonlinear crystal in which the photons
initially upconverted to 532 nm; then via spontaneous parametric down-
conversion (SPDC) waveguide, each 532-nm photon has an approximately
one in one billion chance of converting into a pair of polarized entangled
pair of 800-nm and 1600-nm photons. The generation rate was orders of
magnitude higher than from conventional b-barium borate crystal SPDCd
a step toward practical QKD. To put things in perspective, a 1-mW red laser
pointer generates about 3 � 1015 photons/s.

4.10 Noise: Communications

Deciphering information within a background of noise is the core re-
sponsibility of modern (statistical) communications theory. Shannon
concentrated on the information content of messages and how this informa-
tion is measured. His basic premise was that given some source of informa-
tion and some channel over which the information is communicated, there
exists some coding technique rendering a transmission rate approaching the
channel capacity with an arbitrarily small error rate, despite noise [38]. Un-
like any possibility of telepathic assist per Section 4.2 or quantum entangle-
ment per Section 4.9, there is no occult transference of the sender to the
receiverdonly the noisy channel. Moreover, the greater the uncertainty
of the message (i.e., the greater the variety of possible messages), the higher
the information content. A message with a probability approaching unity has
almost no uncertainty and hence conveys little information; thus the mea-
sure of information involves probability. Then information, I, associated
with a message X, from a sender capable of generating an arbitrarily large
number of messages, will be some function of the probability that X is trans-
mitted (i.e., IX ¼ f(PX) where PX designates the probability that X is trans-
mitted). Using logical constraints such as (PX) � 0 or information is
nonnegative (wrong information is not negative information), Shannon
arrived at the conclusion that only the logarithm function worked (Eq.
4.6); he deduced that

IX¼ � logbðPXÞ (4.6)

The minus sign is required since 0 � PX � 1. In information theory, the
logarithm base b ¼ 2 and the unit of information is the bit. Why? The
simplest choice between two equally likely possible messages is binary,
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i.e., PX¼ PY¼1/2 so IX¼ IY¼log22 ¼ 1 bit. From these insights, Shannon
derived the famous channel capacity law (Eq. 4.7):

C¼B• log2ð1þ S =NÞ (4.7)

Themaximum rate at which the channel can provide information from the
source to the destination, or channel capacity, isC.The average signal andnoise
power at the output of an arbitrary channel are S andN, respectively. In a linear
signal processing system, C is maximized when noise is minimized.

Combating (or overcoming) noise is a major challenge for the commu-
nications engineer. Noise occurs from solar and cosmic radiation, lightning,
industrial machinery, background thermal sources, etc. and is distinguished
from interference. Uncorrelated noise sources add as the square root of the
sum-of-the-squares. But is there such a thing as good noise? It is counterin-
tuitive, but in certain cases, adding noise to a weak signal can make it detect-
able. A signal that is below a detection threshold can be boosted by adding
wide-spectrum (white) noise to the signal. Overlap of the noise spectral con-
tent with the signal spectra “resonates” and amplifies the original signal
above the detection threshold. Dithering, for example, is used in digital
audio to reduce errors. It has been proposed that the brain evolved to use
random noise to enhance neural processing. An insightful review of the
so-called stochastic resonance is presented in Ref. [39]. Noise-induced
synchronization is the cause behind the pendulum clock phenomenon in
Section 4.2. White noise (over a certain bandwidth B) can be approximated
by summing a large number of randomly phased sinusoids over that band-
width. The human ear is sensitive to harmonic distortion but much less sen-
sitive to random noise. This characteristic allows one to have a conversation
in a room filled with conversations that mimic a background din.

Consider an amplitude modulated signal (Eq. 4.8; Fig. 4.8A):

SðtÞ ¼ ½1þ cosð4pftÞ�cosð40pftÞ (4.8)

which represents a modulating 2 Hz wave riding on a 20-Hz carrier wave
with a 100% modulation index (the amplitude of the modulating signal is
100% of the amplitude of the carrierdboth normalized to one). Adding noise
with a peak amplitude of two renders the signal unrecognizable (see
Fig. 4.8B). Depending on the sensitivity (detection threshold) of the receiver,
noise can “boost” the signal so that it can be recovered with Fourier filtering
techniques (see Fig. 4.8C and D). Note the noise floor of the original signal is
at zero while the noisy signal has a roughly uniform distribution of wide-band
spectral energy. Only the carrier is recovered in the absence of noise.
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4.11 Summary and conclusions

Wisdom from the Book of Job advises: “But ask the animals, and they
will teach you, or the birds in the sky, and they will tell you; or speak to the
Earth, and it will teach you, or let the fish in the sea inform you” [40]. We
have considered but a few apparent parallels between the natural world and
communications and navigation technology. There are so many more, and
perhaps better, examples such as pollination and bee electroreception,
migratory birds and cryptochromes, bats and radar echolocation, conscious-
ness and zero-point energy, etc. This short chapter was only able to scratch
the surface. The tendency for technologists and engineers to imitate natural
phenomenon may be instinctiveda subconscious manifestation. This chap-
ter sought to explore the notion that biomimicry permeates experienced
even from this narrow electromagnetic communications perspective. Crea-
tivity cannot be taught and is not the same thing as discovery, but has some
correlation with serendipity. Is creativity unwittingly or unconsciously

Figure 4.8 An amplitude modulated signal (A) with carrier frequency 20 Hz. Modula-
tion index is 100% (amplitude of the carrier and modulating signal is the same).
Same amplitude-modulated signal with random (white) noise added (B). The signal is
unrecognizable. Discrete Fourier transform (spectral energy distribution) showing
distinct carrier wave at 20 Hz and modulating sidebands at 18 and 22 Hz (C). The
discrete Fourier transform shows spectral content of the original signal (red Xs) and
the corrupted signal (black diamonds). Inverse Fourier transform of the recovered noisy
signal (black solid line) and the original uncorrupted (noiseless) signal (red dashed line)
subject to the receiver detection threshold (D). The counterintuitive result illustrates
that signal despite noise has been faithfully recovered, but the pure modulated signal
information has been lost in the absence of noise. Source: created and drawn by author.
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influenced by biomimicry? Biomimetics is an emerging discipline that begs
the question: “Is everything in the universe interconnected?” How could it
be otherwise?
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5.1 Atacama Desert

The Atacama desert is considered by many as the driest nonpolar [2]
and oldest extant desert in the world [3,4], characterized by sandy soil, salt
lakes, stony terrain, and felsic lava flowing toward the Andes.

5.1.1 Atacama aridity
The principal causes of aridity in western South America for the past 150
million years have been atmospheric subsidence associated with the
descending limb of the Hadley cell, the continentality effect (enhanced by
the Gondwanan landmass), and the presence offshore of a cold, upwelling
ancestral Humboldt Current [4].

Houston [5] evaluates the climatic conditions of the Atacama Desert to
be largely regulated by its zonal location (between 15 degrees and 30 degrees
S) in the subtropical high-pressure belt where descending stable air produced
by the Hadley circulation cell significantly reduces convection and hence
precipitation and by the upwelling cold Peruvian Current that inhibits the
moisture capacity of onshore winds by creating a persistent inversion that
traps any Pacific moisture below 1000 m above sea level. Additionally,
moisture advection restrictions from the east, due to a close proximity of
the Andean Cordillera and insolation effects, lead to subsidence return
flow over the Central Valley, a phenomenon called “Rutllant cell,” consid-
ered to be instrumental in generating hyperaridity [6,7].

Annual precipitation can be variable in different zones of the Atacama
Desert; however, the Central Valley is a zone of extreme hyperaridity in
which the mean annual precipitation is less than 1 mm per year [8]. Hyper-
aridity is defined by the Convention on Biological Diversity [9] as those
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zones having a precipitation/potential evapotranspiration (P/PET) ratio of
less than 0.05. Average relative humidity is 28% [8].

5.1.2 Natural history of Atacama Desert
The Atacama Desert is classified as a Desert and Xeric Shrublands Ecoregion
(Biome) according to the World Wild Fund (WWF). The area, classified by
WWF as Atacama-Sechura Deserts, forms a continuous strip of desert for
almost 3500 km along the coast of Chile and Peru, featuring some of the
driest areas in the world (Fig. 5.1). Despite its characteristic hyperaridity,
this ecoregion hosts approximately 1300 species of plants of which 60% of
Atacama and 40% of Sechura plants are endemic, with only 68 species found
in both regions [10].

The arid environment of the Atacama Desert is caused by a climate
regime influenced by the Humboldt cold stream flowing from south to
north and the central western Pacific high-pressure cell that prevents the
northward movement of rain fronts except for some winters. Atmospheric
conditions influenced by a stable subtropical anticyclone result in a uniform
temperate coastal climate with scarce rainfall [12]. The cold Humboldt cur-
rent produces a negative thermal anomaly, resulting in temperatures 3e5�C
lower than expected for the corresponding latitude [13]. The paleobotan-
ical, paleontological, and geological evidence suggests that the hyperarid
climate of northern Chile developed very recently in the Holocene (i.e.,
the past 10,000 years before the present), after a Pleistocene history of
wet/cold and warm/dry alternating periods [14].

The extreme environmental conditions of the Atacama Desert have been
amply documented and modeled [2,15e17]. McKay et al. [2] report, in
4 years of observation (1994e98), air temperatures ranging between
�5.7 �C and 37.9 �C, annual average solar irradiance of 336 W/m2, variable

Figure 5.1 Topographic map showing the location of the Atacama Desert (base map in
mercator projection). Created using GeoMapApp [11].
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winds from a few to 12 m/s, and only one significant rain event of 2.3 mm.
In a subsequent study, McKay et al. [16] report, from measurements con-
ducted in June 2004, air temperatures ranging from �4 to 33 �C, while
rock temperatures ranged from �2 to 45�C.

Cordero et al. [15] provide estimates of annual doses of ultraviolet (UV)
radiation in the Atacama Desert, establishing that the highest levels of surface
UV irradiance have been measured at this site with UV-B and UV-A doses
of 5 and 160 kWh/m2, respectively, measured on the Andean plateau. As
some parts of the Atacama Desert are at high altitude, the atmospheric col-
umn decreases and so does the amount of available oxygen.

Some parts of the Atacama Desert exhibit high salinity. Alonso and
Risacher [18] estimate an annual average sedimentation rate of halite at
0.1 mm/year. The excess of sodium chloride (NaCl) is probably due to a
higher NaCl content of ancient inflow water from Cordillera de la Sal (a ter-
tiary evaporitic ridge bordering the Salar to the west).

Atacama is also known for hosting a climatic phenomenon called “flow-
ering desert” where a wide variety of flowers blossom when rainfall is
unusually high. It usually occurs between the months of September and
November. The forms of life that blossom remain hidden under the soil
as dormant (or latent) seeds in the case of annual plants, such as bulbs or rhi-
zomes or as underground stems in the case of shrub plants. These unusually
high rainfall events often occur during ENSO (El Ni~noeSouthern Oscilla-
tion) episodes. Atacama Desert species have learned to develop strategies to
flower and quickly develop with as little as 15 mm of rain [19].

5.1.3 Operating conditions
The main operating conditions prevalent in the Atacama Desert are the
following:
• Extreme temperatures
• Sunlight exposure (high levels of UV-A and UV-B sunlight radiation)
• Strong winds
• Thin atmosphere (low oxygen levels)
• Extreme salinity in soils
• Hyperariditydlow precipitation (less than 1 mm per year in the Central
Valley)

• Variability in available water (precipitation)
With these operating conditions, organisms thriving in the Atacama

Desert have developed distinct strategies to thrive in this unique environ-
ment. In the following sections, the specific strategies developed by each
organism will be discussed.
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5.1.4 Biogeochemical cycles in the Atacama Desert
In addition to the identified operating conditions, there are some other
specific characteristics of the Atacama Desert related to biogeochemical cy-
cles (carbon, nitrogen, and iodine), which, combined with the extreme
operating conditions provide further understanding regarding the circum-
stances and challenges in which these organisms succeed in this
environment.

5.1.4.1 Carbon cycle
Azua-Bustos et al. [3] characterize the Atacama Desert as a carbon-deprived
habitat and have proposed hypotheses and research directions with respect to
the sources, persistence, and metabolism of organic carbon in the Atacama
Desert. Possible sources of organic carbon found in the soils of the Atacama
Desert were identified: microbial species currently living in the soils, ancient
native microorganisms (dead biotic material), or transportation by wind par-
cels originating in the Pacific Ocean and further deposition into the soil.
Persistence of organic carbon in the surface soils of the Atacama Desert is
mainly due to organic compounds reaching the soil surface and being pho-
todegraded by UV radiation in the presence of oxidizing salts, while organic
compounds present in the subsurface will be degraded solely by oxidizing
salts. Regarding metabolism of carbon in the Atacama Desert, the authors
propose that it is achieved through the use of inorganic carbon by hetero-
trophic microbial communities present in the soil and with the aid of native
nitrifying bacteria.

5.1.4.2 Nitrogen cycle
The nitrogen cycle in the Atacama Desert is thought to be incomplete or
nonexistent [20,21]. Ehleringer et al. [21] studied decomposition of leaves
of Prosopis trees, discovering inhibition of leaf decomposition due to lack
of surface moisture, which in turn prevents nitrogen cycling. Atacama soil
is rich in nitrate deposits, which are thought to have been built up during
dry periods or to have been transported by fluvial action. Rare flooding
events can wash nitrates down to lower levels of the valley, and due to
high temperatures, the water quickly evaporates before denitrifiers can trans-
form and deplete nitrates. Orlando et al. [22] report low abundances of
denitrifiers in Atacama and conclude a lack of denitrification activity in
this region. Azua-Bustos et al. [20] report the presence of desiccation-
adapted microbial species in the Atacama Desert affected by significant
alterations in weather patterns, currently attributed to global climate change.

106 Claudia Rivera C�ardenas et al.



Studies show that nitrate is evenly distributed in the soil of the Atacama
Desert core, and it can be transferred to the atmosphere as well [20,23].
On a specific study of nitrogen cycling in the Atacama Desert, Díaz et al.
[23] conclude that several factors, such as increased salinity, aridity, and
extreme pH, have an influence on the balance of nitrogen in organic and
inorganic pools.

5.1.4.3 Iodine cycle
The Atacama Desert is the world’s leading province for iodine production,
with high concentration of iodine in mineral deposits [24]. The most impor-
tant rich organic source of iodine is the Jurassic marine basement; however,
inputs frommeteoric water and volcanic fluids are also important. In the Ata-
cama Desert, iodine is widely spread, and it is mainly concentrated in nitrate
soils, exceeding by three to four orders of magnitude the average crustal con-
centrations. Iodine distribution in nitrate soils is attributed to climatic
changes, meteoric water addition, and/or inputs of groundwater. Iodine
has also been identified in supergene zones and soils above copper deposits.
Enriched iodine reservoirs also include Mesozoic marine sedimentary rocks
as well as groundwater, geothermal waters, spring waters, and freshwater [25].

5.2 Strategies adopted by species to survive in the
Atacama Desert

Based on the identified operating conditions, a taxonomy, to classify
organisms according to their abilities to adapt to each operating condition,
was developed. In several instances, organisms had strategies that answered
more than one of the identified operating conditions. These organisms are
considered “champion adapters.” The taxonomy also aids in perceiving
deep patterns in design strategies, which then gives more weight to the po-
tential of successfully using that strategy for a human-built design challenge.
The taxonomy presented in Fig. 5.2 informs about which organisms are
adapted to different operating conditions. In Section 5.3, deep patterns
developed and identified in different organisms will be discussed.

5.2.1 Llareta (Azorella compacta)
Llareta (Fig. 5.3) is a woody cushion plant characterized by a densely
branched hemispherical to matlike growth form with the presence of a cen-
tral taproot. It lives in dry and cold climates at elevations between 3800 and
5200 m above sea level, with a growing rate of about 1.4 mm/year [30].
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5.2.1.1 Llareta biological strategydadaptation
The dense branching structure of llareta and its thick hemispherical growth
form is considered to be an adaptation to the environment in which it
thrives, allowing it to reduce water vapor loss and to store heat energy effi-
ciently, providing buffering against sharp diurnal changes in ambient air

Figure 5.2 Taxonomy of the identified operating conditions. Credit: Taxonomy, Claudia
Rivera. Photo credits for taxonomy: Llareta and Vicu~na: Claudia Rivera; Desert Holly,
Guanaco, Tamarugo and Desert Saltgrass [26e29].

Figure 5.3 (A) Llareta (Azorella compacta). (B) Detailed structure of llareta. Credit:
Claudia Rivera.
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temperature. Its cross-sectional shape provides minimal wind drag and thus
reduces boundary layer turbulence around its canopy [30e33].

Moisture trapped in the dead tissue within the interior of the cushion
could serve as a reservoir. The tiny, thick leaves, compact growth, and
turpentine-like resin (sesquiterpene daucane) content could contribute
also to reduce water loss and aid freezing resistance [33]. Llareta produces
terpenes, which are known to protect the plant against pathogenic bacteria
[34]. Its structure is formed by tightly packed branched stems, forming a
smooth exterior surface, converging to a single broad basal taproot
(Fig. 5.3B). Each stem ends in a small rosette 1e2 cm in diameter. Stems
maintain this tightly packed surface, without any gaps between rosettes.
Rosettes are comprised of smooth leaves ranging from 3 to 10 mm in length
and from 1 to 2 mm in width [31,32].

5.2.1.2 Llareta design principles
Llareta’s intrinsic design principles include the development of a branched
structure, which is formed by tightly packed rosette elements of about
1e2 cm of diameter converging to a single broad base (Fig. 5.4). With
this strategy, llareta is able to store heat energy and develop buffering

Figure 5.4 Illustration of llareta design principles and application ideas emulating bio-
logical strategies of llareta. Credit: Anne-Marie Daniel.
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capacities against extreme temperatures. By developing a very specific
branched structure close to the ground, llareta is also subject to minimal
wind drag.

Furthermore, protuberances in between the branched structure store
fluids such as a turpentine-like resin (sesquiterpene daucane), which is found
inside llareta’s petals and is expected to protect Azorella compacta against
freezing and also helps to reduce water loss.

A. compacta’s surface elements are individually supported and connected
to a singular rooting structure with filamented siding. Spaces between com-
ponents hold moisture and microbiome.

5.2.1.3 Llareta application ideas
From the distilled design principles from A. compacta, an extensive array of
application ideas (Fig. 5.4) were developed such as the design and construc-
tion of flexible sheets and/or panels that mimic the structure and rosette
forms.

These panels can be designed as multifunctional, due to the fact that they
are able to insulate and also due to their fluid storage capacity. If panels are
connected for greater surface area due to the inherent rosette overlap, the
extension of the multifunctional surface increases.

In addition, the design of surfaces and structures can be robust enough to
build shelter with minimal wind drag.

To complement applications inspired by A. compacta, anchoring systems
that emulate the central taproot can be developed, ideally placed on the un-
derside of the sheets or panels already described. These anchoring systems
will support the panel being used as a substrate that can provide traction
due to surface roughness and easy temporary anchoring of equipment and
exploration (field work) activity.

5.2.1.4 Llareta further design considerations
As further design considerations, it is advisable to investigate whether the
scale can be modified and still be successful. It is quite possible that there
are additional desirable design features such as a surface texture on the petals
that may have antioxidizing, self-cleaning, and UV-A and UV-B mitigating
properties. Conducting a detailed chemical analysis of the turpentine-like
resin (sesquiterpene daucane) inside the leaves will identify its specific chem-
ical composition and evaluate its possible antifreezing properties.

5.2.2 Desert Holly (Atriplex atacamensis)
Atriplex atacamensis (Fig. 5.5) is a halophytic perennial shrub, native to
Northern Chile’s Atacama Desert. Besides being salt tolerant, it is able to
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cope with the naturally high arsenic (As) content in its environment, specif-
ically in the soil as well as with high salinity contents characteristic of the
Atacama Desert [35].

5.2.2.1 Desert holly biological strategydadaptation
Without exhibiting toxicity, it mainly retains As (via absorption) in the
roots, preventing the metalloid from spreading in this arid area through
the soil or by wind [35e37]. Exogenous salinity reduces As uptake by the
roots but increases its translocation to the leaves where As is mainly stored
in As(V) form [37,38]. As-treated plants are able to efficiently close their sto-
mata to limit water losses and to accumulate glycine betaine as an efficient
osmoprotectant [39,40].

5.2.2.2 Desert holly design principles
Desert holly fundamental design principle encompasses the regulation of As
absorption by the presence of different salinity levels in the soil (Fig. 5.6).
Increased salinity prevents As absorption at some parts of desert holly but
promotes transfer and absorption to other parts of its structure while main-
taining its oxidized state. The process of absorption reduces the overall
spread of the metalloid through the substrate.

In addition, the presence of quaternary ammonium compounds (glycine
betaine) maintains selective barriers for desert holly, creating integrity and
protection of other membrane-like structures.

5.2.2.3 Desert holly application ideas
Among the bio-inspired application ideas (Fig. 5.6), based on the identified
design principles of desert holly, the development of filters for As uptake is
proposed. The main idea is to develop filters that assist with a regulated

Figure 5.5 Desert holly (Atriplex) [26].
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absorption of As (by NaCl adjustments). As an optional feature, the possibil-
ity to leverage an electrolyte to diffuse or manage As concentration is an
alternative. In addition, specialized membranes can be developed to trans-
port or allocate As present in fluids (water or air). The final objective of
emulating the ability of desert holly to regulate As uptake from the soil is
to deeply understand the chemical relationships between arsenic, salts, potas-
sium, perchlorates, quaternary ammonium compounds, and other dominant
desert elements, well enough to convert and pull apart molecules to manip-
ulate various states of oxidation yielding helpful resources in places that have
similar chemistry.

Regarding UV protection, the strategy of producing an efficient osmo-
protectant could be emulated in protective membranes using synthesized
glycine betaine against UV and as a selective barrier.

5.2.3 Tamarugo (Prosopis tamarugo)
Tamarugo (Fig. 5.7) is known to be tolerant to scarce water availability and is
endemic to the Atacama Desert. It is a phreatophytic plant and therefore able
to grow very deep roots and obtain a large amount of water needed from the
phreatic zone [41,42].

Figure 5.6 Illustration of desert holly design principles and application ideas emulating
biological strategies of desert holly. Illustration Credit: Anne-Marie Daniel. Photo Credit:
Desert Holly (Atriplex) [26].
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5.2.3.1 Tamarugo biological strategydadaptation
In addition to being able to obtain water via deep roots, the tamarugo is able
to survive in highly saline soils [41,42]. As a native plant to the Atacama
Desert, it also shows specific adaptations to prevent damage caused by the
high solar radiation to which it is exposed, e.g., using a high proportion
of the absorbed sunlight energy for photochemistry.

Tamarugo photorespires at noon in the sun, the evidence provided by
studies on carbon dioxide (CO2) assimilation (low values) as well as low sto-
matal conductance [43]. A high stomatal conductance would mean a higher
loss of water by transpiration. This indicates an adaptation of Prosopis tamar-
ugo to the Atacama Desert environment, which involves a regulatory mech-
anism developed to endure high light levels. Due to the high total leaf area
of P. tamarugo (5.2 cm2), it might also be able to assimilate a high amount of
CO2 per leaf [43,44].

In addition, P. tamarugo exhibits a protective mechanism, similar to many
other plants living in high-altitude environments. The protective mecha-
nism encompasses the interconversion of zeaxanthin, violaxanthin, and
antheraxanthin, three xanthophyll pigments that total concentration
increases under light stress conditions as a result of the plant exposure to
an excess of solar radiation. As a consequence, an increase in the dissipation
of excess light energy occurs. Other molecules such as ß-carotene and
a-tocopherol can also protect P. tamarugo from photosynthetically active
radiation [43].

Figure 5.7 Tamarugo (Prosopis tamarugo) [45].
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5.2.3.2 Tamarugo design principles
From the extraordinary ability of tamarugo to reach resources that are not
readily accessible, the primary identified design principle involves the devel-
opment of a branched structure that can reach several meters of length and
be distributed over a specific area, providing the possibility to reach resources
that are critical, however, not easily accessible. Furthermore, multiple
threads or filaments extending in the spaces of the branched structure will
provide additional spatial coverage and resource retention capacity (Fig. 5.8).

In terms of exposure to electromagnetic radiation at high altitudes, the
identified design traits involve the possibility of adjusting the aperture of
small openings located in thin pliable sheets of material (in the case of
Tamarugo its leaves) which, due to their arrangement, form a barrier that
is able to regulate the amount of liquids, gases, light, or energy passing
through them for a system to be in balance. An additional protective mech-
anism involves the design of electromagnetic wavelength attuned surface
structures that have the ability to absorb solar irradiation to drive photo-
chemistry of essential nutrients and radiate excess energy as heat.

5.2.3.3 Tamarugo application ideas
Numerous bio-inspired application ideas were conceptualized from the
tamarugo-extracted design principles (Fig. 5.8), due to the three specific

Figure 5.8 Illustration of tamarugo design principles and application ideas emulating
biological strategies of tamarugo. Illustration Credit: Anne-Marie Daniel. Photo Credit:
Tamarugo [27].
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strategies that this organism has developed to cope with a lack of available
resources and protect itself against the exposure to electromagnetic
radiation.

Regarding the assurance of having critical resources available, an impor-
tant application idea is the design of one or several distribution networks for
the flow of resources: liquids, gases, or solids. To mimic the complete strat-
egy of the tamarugo, this distribution network would synchronize with
diurnal rhythmsdalternating areas of rest in the system relative to desired
functions. A decentralized system creates the added benefit of resilience to
unexpected disturbances.

With respect to electromagnetic radiation management, proposed
application ideas include the design of wavelength-adaptable coatings that
have the ability to adjust photochemistry to irradiation type and intensity.
In addition, temperature can be regulated and driven by photochemistry
of wavelength-tunable microstructures. Furthermore, microstructures can
be wavelength-attuned to manage photocatalytic reactions under high irra-
diance. For instance, it is well known that high irradiance can damage and/
or overheat respiration systems.

Further emulating tamarugo’s strategies, wavelength-tuned photocata-
lytic microstructures (stomatal inspired forms) can be designed to self-
adjust by absorbing, reflecting, and/or transmitting energy to regulate heat
into and out of the system.

When transposing this application idea specifically to space, during high
irradiance, the Moon energy could be absorbed to regulate high-
temperature photocatalytic reactions to reduce exhaled CO2 into diatomic
oxygen.

Meanwhile, during low irradiance (Mars), developed systems could store
products into easily accessible forms. In this case, nutrient component reac-
tants include exhaled water vapor, sweat (water, salts), and CO2. Reaction
products include oxygen and photocatalyst regeneration (typically Moon
or Mars regolith oxides and salts).

Additional application ideas include locally resourced solids, solar man-
agement, potentially in the form of solar-sintered 3D printing of regolith
material to function as heat sinks.

5.2.4 Desert saltgrass (Distichlis spicata)
Desert saltgrass (Distichlis spicata) is a plant native to the Americas, a perennial
grass indigenous to arid and semiarid regions (Fig. 5.9). Desert saltgrass has
developed strategies allowing it to thrive in harsh environmental conditions
that result in poorly fertile and salt-affected soils [46].
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5.2.4.1 Desert saltgrass biological strategydadaptation
Specific mechanisms to tolerate salinity include selective uptake of potassium
and exclusion of sodium by the roots [47,48]. Specific experimental studies
conducted by Smart and Barko [48] indicate that salt regulation under con-
ditions of high salinity is probably more dependent on salt exclusion by the
roots than on secretion by shoots, as is observed in some salt-secreting species
(such as desert saltgrass) as a result of a passive accumulation of salts and its
subsequent secretion through salt glands.

Marcum [49] identified through experiments that salinity tolerance by
desert saltgrass is achieved through osmotic adjustment: lowering vacuolar
water potential with Na and other solutes and producing compatible solutes
such as glycine betaine to lower cytoplasm water potential an equivalent
amount [47,49].

Hansen et al. [50] report that during periods of high salt and water stress,
morphological and anatomical adaptations of the stomata, salt glands, and
trichomes of saltgrass are important for survival. In addition, salt gland secre-
tion has been identified as a commonly observed mechanism to tolerate high
salinity levels [47,49,50]. The salt gland of D. spicata (composed of a large
basal cell and a cap cell) actively excretes excess sodium, potassium, and
chloride ions. This mechanism is observed as a diurnal rhythm. Trichomes

Figure 5.9 Desert saltgrass (Distichlis spicata), in the back, at Salar de Atacama. An
Andean Flamingo (Phoenicoparrus andinus) can be seen filter-feeding. Credit: Claudia
Rivera.
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on the leaves containing silica may play a role in cooling the leaf under con-
ditions of high solar radiation [50].

5.2.4.2 Desert saltgrass design principles
Desert saltgrass design principles include a specialized strategy for tempera-
ture regulation as well as a set of mechanisms allowing salinity tolerance
to the environment (Fig. 5.10). To regulate temperature, pockets located
on the underside of the surface of desert saltgrass containing silica aid in
cooling under high solar radiation conditions. Silica is also impregnated
on the trichomes of desert saltgrass, along the margins. Desert saltgrass has
developed three different strategies to tolerate salinity in the environment,
specifically in the soil: selective uptake of potassium over sodium, excretion
of salt through individual specialized units, and the production of quaternary
ammonium compounds (glycine betaine).

5.2.4.3 Desert saltgrass application ideas
Bio-inspired application ideas based on desert saltgrass design principles include
the design of filters, membranes, or equipment focused on the separation and
excretion of sodium from an inflow material (Fig. 5.10), which typically can
be a liquid, but experiments could be conducted to extrapolate the separation

Figure 5.10 Illustration of desert saltgrass design principles and application ideas
emulating biological strategies of saltgrass. Illustration Credit: Anne-Marie Daniel.
Photo Credit: Desert saltgrass [28].
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and excretion processes from air or probably surface of solids (likely by
adhering a specialized membrane to their surface). On a larger scale, the devel-
oped separation and excretion process could be incorporated into stand-alone
treatment gadgets or facilities specifically engineered for this purpose.

5.2.5 Vicu~na (Vicugna vicugna)
Vicu~nas live in the high alpine areas of the Andes (Fig. 5.11). Due to the
environmental conditions where they live, their hair protects them from
low temperatures. The hair coat of Vicu~nas is formed by two types of hair
(a coarse outer guard hair and a finer undercoat) [51].

5.2.5.1 Vicu~na biological strategydadaptation
Vicu~na hairs are characteristic for having a medullated structure which is air-
filled. The medulla size is about one-fifth of the fiber diameter. Air trapped
within (medullation) and between hairs results in improved insulation capa-
bilities [51]. The mean diameter of Vicu~na fibers is about 13e14 mm. The
surface cuticle cells form smooth margined irregular wave patterns. Several
cells appear to be coronal and distant, with mean cell frequency of 6e7 per
100 mm [52].

These traits allow vicu~nas to thrive in environments with temperature
extremes ranging from about �10�C to 30�C. The mechanism by which
thermal regulation is accomplished by vicu~nas is through an inhomogeneous

Figure 5.11 Vicu~na (Vicugna vicugna), Miscanti Lake, Los Flamencos National Reserve,
Atacama, Chile. Credit: Claudia Rivera.
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distribution of the hair coat across the body and their (mainly) medullated
hair fibers, which can be fragmented, interrupted, or continuous, e.g.,
empty or filled in lamoid fibers [51].

It should be noted that a similar strategy is observed in guanaco (Lama
guanicoe). Dimensions of the medulla size range between 0.25% and 0.30%
of the fiber diameter [51].

5.2.5.2 Vicu~na design principles
Design principles focused on regulation of temperature, inspired by vicu~na’s
biological strategies and adaptations to environments with drastic tempera-
ture changes, include the strategy of arranging multilayered materials to
improve insulation effectiveness, specifically by relying on two layers: a
fine undercoat material that is protected by a coarser outer guard
(Fig. 5.12). Either of the inner or outer layers (although it is usually the inner
one) could consist of vertically varied hollow spaces and patterns with diam-
eters of up to one-fifth of the diameter of the manufacturing material
(13e14 mm) and interspaced with a frequency of 6e7 per 100 mm.

5.2.5.3 Vicu~na application ideas
Application ideas bio-inspired from vicu~na’s biological adaptation and
strategies include the design and construction of medullated building panels

Figure 5.12 Illustration of Vicu~na design principles and application ideas emulating
biological strategies of vicu~na. Illustration Credit: Anne-Marie Daniel. Photo Credit:
Vicu~na [53].
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or membranes (Fig. 5.12). The filaments inside can be “empty” (filled with
air) or filled with a specific gas, liquid, or several gas/liquid mixtures. In cases
where there is a coefficient of thermal expansion mismatch between the
protective coatings and substrates, both the design principles of the vicu~na
fur can be used to regulate and create temperature gradients that can be a
great advantage for thermoregulation.

Another application idea is the development of casings, to mitigate wir-
ing becoming brittle. Casings can include air or liquid pockets to improve
plasticity. In addition, air or liquid pocket spaces can be evenly distributed
or concentrated on certain areas.

Regarding apparel applications, thermoregulating gloves or clothing
could be designed using the medullated principle, and in general, the appli-
cation may reduce bulk in the overall glove and clothing design, while
accomplishing thermoregulation.

5.2.5.4 Vicu~na further design considerations
Further design considerations include the possibility of expanding on the
insulation design ideas to films or layers that can be applied to surfaces as
well as evaluating the possibility of using different manufacturing materials.
Chemical synthetic emulations include emulating keratin, from which
vicu~na’s fibers are made. Performance of the strategy at various scales should
be explored.

5.2.6 Guanaco (Lama guanicoe)
Guanacos (L. guanicoe) inhabit arid and semiarid regions of South America
(Fig. 5.13). They are able to thrive at elevations from sea level to over
4500 m (in case of some areas in the Atacama Desert).

5.2.6.1 Guanaco biological strategydadaptation
To thrive at high-altitude environments, where there is less oxygen in the
atmospheric column, guanaco’s blood has a higher concentration of hemo-
globin in their red blood cells than other organisms living in similar environ-
ments [54].

Specific studies show that guanaco’s red cell survival is higher than in
other mammals and their red blood cells also exhibit a specific biconvex
ellipsoid form [55]. The characteristic of high blood O2 affinity of the hemo-
globin of animals living at high altitude is thought to be an adaptive mech-
anism developed as a consequence of residence at high-altitude
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environments. Also, studies on high-altitude living camelids show that the
hemoglobin found in their blood was found to be alkali resistant [56].

5.2.6.2 Guanaco design principles
From the described biological adaptation of guanaco, the extracted design
principle encompasses the specific characteristic that increased concentra-
tions of hemoglobin (an iron-containing oxygen-transport metalloprotein
present in red blood cells) allow for fluids to carry more oxygen and
distribute it in a system with the objective of normalizing or even improving
performance in environments where there is a lack of available oxygen
(Fig. 5.14).

5.2.6.3 Guanaco application ideas
Application ideas from Guanaco’s design principles are focused on the dis-
tribution of molecular oxygen in fluids (either gases or liquids) using specific
agents as well as specialized delivery systems of gases with the objective to
reach a balance in the entire system. The main objective is to bring a gas
to a part of the system where there is lack of it. In addition, application ideas
could include the design of breathing assistance systems (Fig. 5.14). Exper-
iments should be conducted to evaluate whether the carrier needs to be an
agent inside a liquid, or whether it is possible to extrapolate the application
idea to an agent inside a gas, molecular oxygen, or other.

Figure 5.13 Guanacos (Lama guanicoe) photographed in front of the European South-
ern Observatory 3.6-m telescope at the La Silla Observatory, Atacama, Chile [29].
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5.3 Discussion

Organisms living in the Atacama Desert face several challenges:
extreme temperatures, sunlight exposure (high levels of UV-A and UV-B
sunlight radiation), strong winds, thin atmosphere (low oxygen levels),
extreme salinity in soils, hyperaridity, and variability in available water,
among others. Bio-inspired research was conducted on six organisms, which
have adapted to this environment: llareta (A. compacta), desert holly
(A. atacamensis), tamarugo (Prosopis tamarugo), desert saltgrass (D. spicata),
Vicu~na (Vicugna vicugna), and Guanaco (L. guanicoe). Each organism has
developed specific strategies (Table 5.1) to cope with one or more of the
operating conditions identified, and although the organisms might appear
very different, some of them share similar strategies, which are defined as
“deep patterns” in the practice of Biomimicry [1].

Llareta (A. compacta) and tamarugo (P. tamarugo) share the pattern of
developing a deep rooting system, to either provide support and create a
microclimate (llareta) or to reach and/or distribute scarce resources such as
available water (tamarugo).

Figure 5.14 Illustration of guanaco design principle and application ideas emulating
biological strategies of guanaco. Illustration Credit: Anne-Marie Daniel. Photo Credit:
Guanaco [29].
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Table 5.1 Summary of species, operating conditions, design principle(s), applications, and further considerations in the design.
Species Operating condition Design Principle(s) Applications Further considerations

Llareta (Azorella
compacta)

a) Extreme
temperatures

b) Strong winds

a) Branched structures
formed by tightly
packed rosette
elements of 1e2 cm
of diameter
converging to a
single broad base are
able to store heat
energy and provide
buffering against
extreme
temperatures and
minimal wind drag.

b) Protuberances in
between the
branched structures
store fluids.

c) Turpentine-like
resin (sesquiterpene
daucane) inside
petals may protect
against freezing and
reduced water loss.

a) Flexible sheets/
panels mimicking
the structure and
rosette form.

b) Multifunctional
design insulates and
has fluid storage
capacity.

c) Additional panels
can be connected for
greater surface area
due to rosette
overlap.

d) Structure design
robust enough to
build shelter with
minimal wind drag.

e) Anchoring systems
(emulating central
taproot).

a) Is it possible to
modify scales
(smaller or larger) of
the design idea,
either for structures
or membranes?

b) Perform detailed
analyses of the
surface structure of
the rosette elements.

c) Conduct detailed
chemical analyses of
the turpentine-like
resin (sesquiterpene
daucane) inside
leaves for possible
antifreezing
properties.

(Continued)



Table 5.1 Summary of species, operating conditions, design principle(s), applications, and further considerations in the design.dcont'd
Species Operating condition Design Principle(s) Applications Further considerations

d) Surface elements are
individually
supported, and
supports are
connected to a
singular rooting
structure with
filamented siding.

Desert Holly (Atriplex
atacamensis)

a) Extreme salinity in
soils

b) Sunlight exposure

a) Salinity
levels regulate As
absorption,
increased salinity
prevents absorption
at some parts but
promotes transfer
and absorption to
other parts of a
structure.
Absorption reduces
the overall spread of
the metalloid
through the
substrate.

a) Filters for As lever-
aging an electrolyte
to diffuse or manage
a concentration.

b) Membranes for
water or air to
transport or allocate
As.

c) Protective
membranes using
synthesized glycine
betaine against UV
and as a selective
barrier.

d) Regulate absorption
of As (by NaCl
adjustments).

a) Conduct
experiments in air
and water.



b) Quaternary
ammonium
compounds (glycine
betaine) maintain
selective barriers
creating integrity
and protection of
other membrane-
like structures.

e) Understand
chemical
relationships
between As, salts,
potassium,
perchlorates,
quaternary
ammonium
compounds, and
other dominant
desert elements, well
enough to convert
and pull apart
molecules to
manipulating
various states of
oxidation yielding
helpful resources in
places that have
similar chemistry.

Tamarugo (Prosopis
tamarugo)

a) Hyperaridity
b) Variability in

available water
c) Extreme salinity in

soils
d) Extreme

temperatures
e) Sunlight exposure

a) A branched structure
of several meters of
length and
distributed over a
specific area provides
availability of
resources. Multiple
threads or filaments

a) Distribution
network of resources
in sync with diurnal
rhythms to alternate
areas of rest in the
system relative to
varied functions.

a) Explore the
possibility to adapt
tamarugo’s strategies
directly to aerospace
applications.

(Continued)



Table 5.1 Summary of species, operating conditions, design principle(s), applications, and further considerations in the design.dcont'd
Species Operating condition Design Principle(s) Applications Further considerations

extending in the
spaces of the
branched structure
provide additional
spatial coverage and
resource retention
capacity.

b) The adjustment of
small openings
located in thin
pliable sheets of
material forming a
barrier regulates the
amount of liquids,
gases, light, or
energy passing
through them for a
system to be in
balance.

c) Electromagnetic
wavelength-attuned
surface structures
that absorb solar
irradiation to drive
photochemistry of
essential nutrients
and radiate excess
energy as heat.

b) Wavelength-
adaptable coatings
that adjust
photochemistry to
irradiation type and
intensity.

c) Temperature
regulation driven by
photochemistry of
wavelength-tunable
microstructures.

d) Locally resourced
solids solar
management. This
could be in the form
of solar-sintered 3D
printing of regolith
material to function
as heat sinks.

e) Wavelength-
attuned
microstructures that
manage
photocatalytic
reactions under high
irradiance.



Desert saltgrass (Distichlis
spicata)

a) Extreme salinity in
soils

b) Sunlight exposure

a) Pockets on
the underside of the
surface containing
silica aid in cooling
under high solar
radiation conditions.
Silica is also
impregnated on the
trichomes along the
margins.

Salinity tolerance to the
environment is achieved
by the following:
a) Selective uptake

of potassium over
sodium

b) Excretion of
salt through
individual
specialized units

c) Production
of quaternary
ammonium
compounds (glycine
betaine)

a) Separation
equipment focused
on excluding
sodium.

b) Devices focused on
excretion of sodium.

c) Filters and
membranes.

d) Treatment gadgets
or facilities.

a) Conduct
experiments in air,
water, and solids.

(Continued)



Table 5.1 Summary of species, operating conditions, design principle(s), applications, and further considerations in the design.dcont'd
Species Operating condition Design Principle(s) Applications Further considerations

Vicu~na (Vicugna vicugna) a) Extreme
temperatures

a) Vertically varied
hollow spaces and
patterns with
diameters of up to
one-fifth of the
diameter of the
manufacturing
material
(13e14 mm)
and interspaced
with a frequency of
6e7 per 100 mm are
successful in
modulating
temperature.

b) Multilayered
materials improve
insulation
effectiveness. Fine
undercoat material is
protected by a
coarser outer guard.

a) Medullated building
panels or
membranes,
filaments can be air
or liquid filled.

b) Where there is a
coefficient of
thermal expansion
mismatch between a
protective coating
and the substrate,
both the design
principles of the
vicu~na fur can be
used to regulate and
create a temperature
gradient.

c) To mitigate wiring
becoming brittle,
casings can include
air or liquid pockets
to improve
plasticity. Hollow
spaces can be evenly
distributed or
concentrated on
certain areas.

a) Explore the
possibility to expand
the design idea to
films or layers to be
applied to surfaces.

b) Evaluate different
manufacturing
materials.

c) Evaluate the
possibility to
emulate keratin,
since vicu~na fibers
are made of this
material.

d) Evaluate the
possibility to
replicate the
strategies at different
physical scales.



d) Thermoregulating
apparel using the
medullated principle
may reduce bulk in
the design.

Guanaco (Lama guanicoe) a) Thin atmosphere
(low oxygen levels)

a) Increase in the
concentration of
hemoglobin allows
for fluids to carry
more oxygen and
distribute it in a
system with the
objective of
normalizing or even
improving
performance in
environments where
there is a lack of
available oxygen.

a) Distribution of
oxygen in fluids
using specific agents.

b) Distribution systems
of gases in fluids.

c) Delivery systems of
gases with the
objective to reach a
balance in the entire
system (bring a gas to
a part of the system
where there is lack
of it).

d) Breathing assistance
systems.

a) Does the carrier
need to be an agent
inside a liquid, or
could it be an agent
inside a gas?

b) Could it work with
gases different from
oxygen?



Desert holly (A. atacamensis) and desert saltgrass (D. spicata) share a strat-
egy that protects them from extreme temperatures and solar radiation by
creating and using, whenever it is necessary, quaternary ammonium com-
pounds such as glycine betaine. Using a similar strategy, tamarugo
(P. tamarugo) protects itself from solar radiation by producing three xantho-
phyll pigments: zeaxanthin, violaxanthin, and antheraxanthin.

Llareta (A. compacta), vicu~na (V. vicugna), and guanaco (L. guanicoe) share
the strategy to endure extreme temperature changes by nesting components
(rosette structures in the case of llareta or hair in the case of vicu~na and
guanaco.

Organisms also share strategies to achieve chemical functions. For
example, by synthesizing glycine betaine and xanthophyll pigments, desert
holly, desert saltgrass, and tamarugo share a chemicals management strategy.
Desert holly is able to process chemicals by selective uptake of As from soils
with high salinity content. Desert saltgrass has developed two strategies to
process chemicals as well: selective uptake of K (when living in a soil with
high salinity content) and excretion of salt through salt glands. Guanacos
are able to acquire oxygen by increasing the concentration of hemoglobin
when living in environments where there is less availability of this gaseous
constituent.

By creating microclimates that protect them from extreme temperatures,
llareta, vicu~nas, and guanacos share materials and energy management
approaches by using insulation strategies. The rosette structures (and anti-
freezing properties of the resin inside them) of llareta and hair structure
and distribution of vicu~nas and guanacos allow them to regulate and store
energy as well.

Tamarugo and desert saltgrass also exhibit energy management strategies,
tamarugo accomplishes it by using small openings to regulate the amount
of energy in its system, and desert saltgrass accomplishes energy modulation
when exposed to high solar radiation by silica pockets found on the under-
side of its leaves. The silica pockets also allow desert saltgrass to defend itself
from predators.

5.4 Conclusions

A Genius-of-Place study allows us to research in detail a specific
biome and identify the organisms that succeed there. In this particular study,
the Atacama Desert was chosen due to its particular operating conditions and
the difficulty for organisms to thrive in such an extreme environment.
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Design principles have been proposed based on the biological strategies that
each one of the organisms exhibits to thrive in this challenging habitat.

From the proposed design principles, application ideas to solve different
challenges were suggested. These application ideas entail solutions such as
temperature regulation devices or systems (insulation, light reflection); struc-
tures to build shelter with minimal wind drag; anchoring systems; filters for
As or K; membranes to transport, separate, allocate, or regulate absorption of
As and K; protective membranes or films against solar radiation; protection
of infrastructure such as systems to excrete sodium from pipelines; protection
casings for cables or pipelines; specialized distribution networks of critical re-
sources (water, oxygen); and specialized systems to deliver gases to reach a
balance in an entire system as well as breathing assistance systems.

Biomimicry is a practice that seeks to consciously emulate strategies
(forms, processes, and systems) found in the natural world to solve human
design challenges. This discipline has been developed based on Earth’s oper-
ating conditions: sunlight, water, gravity, dynamic nonequilibrium, limits,
and boundaries as well as cyclic processes [1]. Organisms thriving on Earth
are used as inspiration to identify natural models and, from them, abstract
biological strategies that inform human designs. Extrapolating the practice
of biomimicry to different operating conditions, such as the ones we find
in outer space or other planets, is an evolving discipline and an enormous
challenge. The direct application of the discipline is challenged because
the operating conditions of other planets and outer space are different
from the ones we have on Earth; however, the application of Life’s Princi-
ples, as defined by Baumeister [1], to human designs for space exploration is
feasible and advisable to achieve truly innovative materials and designs, with
the potential of a benign footprint on lands where we know very little about
the possible consequences of our interventions.

The biomimicry methodology of integrating abstracted design principles
will inform functional and systemic strategies to thrive in harsh operating
conditions. This is possible because innovation has historical and scientific
context such as the development of aquaporin membranes for fluids filtra-
tion, hook and loop for attachment, and many more applications that
have been developed for scientific purposes and placed into the market in
recent years. When biomimicry’s aspirational goals to create conditions
conducive to life [57] are coupled with a curiosity and humility toward na-
ture’s strategies, a shared and enduring vision of life emerges.

As mentioned before, the integration of Life’s Principles [1] into notional
concepts for space exploration is feasible, however technically challenging. As
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a starting point, the principle of Replicate Strategies that Work would be auto-
matically applied whenever these applications emulate nature’s wisdom. Inte-
grating several other Life’s Principles is desirable, such as Incorporate Diversity
or Embody Resilience through Variation, Redundancy, and Decentralization with
the objective to incorporate into designs multiple and duplicated forms, pro-
cesses, or systems to meet the desired functional need while building in resil-
ience to disturbance. Another important Life’s Principle to include into
designs is Use Readily Available Materials and Energy, which in space would
be the freely available electromagnetic radiation received from the Sun but
also introduces challenges from exposure to extreme heat, exposure to
cold cycling, ultravacuum, atomic oxygen, and high energy radiation.
Such a design approach mostly serves to protect life from extreme conditions
such as those listed above. Alternatively, development of systems or devices
that work in functionally indistinguishable fashion from the surrounding
(hostile) environment enable us to possibly create (optimal) conditions
conducive to life.

From the researched Atacama Desert organisms, the Life’s Principles
Build from the Bottom-Up and Combine Modular and Nested Components can
be identified in three organisms: llareta, vicu~na, and guanaco. These organ-
isms are able to build from the bottom-up by fitting several units to form more
complex entities (based on simple ones). These Life’s Principles could be
easily applied for aerospace by, for example, designing several small units
that together form a more complex entity and are also functionalized in their
modularity.

The Atacama Desert has, for several years, been regarded as a testing site
for space exploration mainly due to its resemblance to Mars regarding
aridity, exposure to high ultraviolet radiation, and lack of water vapor in
the atmospheric column, which provides atmospheric transparency. Several
experimental studies include rover field tests specifically designed to look for
life in arid environments [58,59]. A large amount of research has been
focused on microorganisms present in the soil of the Atacama Desert, and
due to the similitude of soil characteristic of the Atacama Desert and Martian
soil, it is considered as an ideal setting to investigate the application of life
detection systems [60e68]. Other studies have been focused on the simili-
tude of the nitrogen cycle between Atacama and Mars, concluding that at
both places, there is sufficient evidence to consider an incomplete nitrogen
cycle [20].

To complement the vast research on microorganisms thriving in the Ata-
cama Desert already conducted, the research presented in this book chapter
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was focused on incorporating research of organisms, in addition to microor-
ganisms, which have developed strategies to thrive in the Atacama Desert.
The organisms chosen are not an exhaustive list but have offered an opportu-
nity to research the biome and the organisms thriving there to identify strate-
gies and mechanisms they have developed over billions of years of evolution.
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6.1 Introduction

This chapter focuses on the opportunities that lie at the intersection of
bio-inspired design (BID), additive manufacturing (AM), and cellular mate-
rials in the context of developing new and improved solutions for aerospace
applications. This section introduces cellular materials, AM, and why it
makes sense to take a bio-inspired approach when considering the design
of novel cellular materials.

6.1.1 Cellular materials
The engineered and natural material world(s) around us can be divided into
form (shape of a structure) and composition (material constituents) [1]. Nat-
ural materials are often composed of different materials, but similar forms
have emerged across widely disparate organisms, such as the hexagonal forms
of honeycomb and the skeletons of radiolarians. Likewise, cellular materials
may be composed of different materials, but they share a form defined by
two key characteristics:
i. A unit cell: Most cellular materials are defined by a representative unit

cell (e.g., hexagon, rectangle, or rhombus) that is some combination
of material and space. This contrasts with a homogeneous material,
which is a solid structure comprised by no empty space).

ii. Repetition: The unit cell is repeated in space to create the larger struc-
ture or surfacedthe resulting pattern need not be regular or periodic and
may include more than one type of unit cell (e.g., a combination of
octagons and squares).
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Cellular materials have a wide range of applications; seminal books in this
field include Gibson and Ashby’s Cellular Solids: Structure and Properties [2]
and Ashby et al.’s Metal Foams: A Design Guide [3], which together cover
most of the relevant ground across the field of cellular materials. Table 6.1
lists several different applications of cellular materials along with the desired
properties associated with them. On an abstract level, these properties are
enabled due to the manner in which cellular materials partition or tessellate
empty space, which has the effective result of removing material (useful to
create lightweight and/or buoyant structures), increasing surface-to-volume
ratios (useful in thermal insulation, heat exchange and electrode design), and
modifying wave behavior (useful in acoustic and shock absorption). Thus, it
is the intelligent use of empty space that is of most value in cellular materials
to generate the property(ies) of interest.

6.1.2 Additive manufacturing
Traditional methods of manufacturing cellular materials have included panel
lamination used in honeycomb manufacturing and foaming processes com-
mon to metallic foams [2]. Interestingly, this has pushed the design space to
two extremes: with panel lamination, design has been highly constrained as
it is for honeycomb panels, while metallic foams have led to highly stochastic
forms with limited opportunity for specifying local detail. In fact, the field of
cellular materials prior to AM was primarily divided into honeycombs and
foams. Additive manufacturing has unlocked new dimensions in the design
space for cellular materials by enabling designers to realize geometries be-
tween and beyond the options hitherto available, as shown in the examples
in Fig. 6.1, where an AM process called selective laser sintering was used to
fabricate a honeycomb with varying cell shape, beam-based lattices, and
surface-based cellular materials all using Nylon 12, a polyamide. Prior to
AM, these designs were not practically manufacturable. There are several
different AM processes, and this chapter will not describe these in any detail,
instead pointing the reader to a textbook in this area [5].

6.1.3 Bio-inspired design
Given the additional freedom of form in cellular materials enabled by AM, an
important challenge is how one can design cellular materials for specific
application-oriented benefit, such as those listed in Table 6.1. The vast
majority of design decisions are made based on empirical observation
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Table 6.1 Select applications of cellular materials along with the relevant desired
properties.
Application Desired properties

Lightweight structures - High specific stiffness
- High specific strength

Vibration control - High mechanical loss/damping coefficient
- High specific natural flexural vibration

frequencies
Packaging - High energy absorption prior to densification
Shock absorption - High energy absorption at high strain rates
Biomedical implants - Good bone integration

- Tunability to match bone modulus
Thermal insulation - Low thermal conductivity

- Low specific heat
Heat exchanger - High thermal diffusivity

- Low differential thermal expansion (expansion
limited)

- High failure stress (pressure limited)
Buoyancy - Low density

- Good corrosion resistance
Filtration - High pore size control

- Adequate pore connectivity
Electrodes, carriers - High surface/volume ratio
Acoustic absorption - High sound-absorption coefficient
RF and wireless
transmission

- Low loss factor per unit volume

Adapted from M. Ashby, T. Evans, N. Fleck, J. Hutchinson, Metal Foams: A Design Guide, 2000.

Figure 6.1 Additively manufactured honeycomb, lattice, and surface-based cellular
materials (pictured left-to-right). Credit: Authors.
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(experimental or computational), analytical methods like those derived from
beam theory, or combinations of the two, most commonly in the form of a
scaling law that relates the property of interest (elastic modulus, for example)
to the geometry of the cellular structure (beam thickness and length, for
example) [6].

There are at least two reasons to consider a BID approach to cellular
materials. The first of these is the more obvious one: cellular materials are
ubiquitous in nature and may serve multiple functions, as shown in
Fig. 6.2. Nature tends to discretize structure at multiple length scales, all
the way from the digitization of DNA into base pairs, to morphological fea-
tures, such as foamlike structures inside a bird’s beak [7]. In fact, the first
recorded observation of cellular structures in the context of their behavior
arising from their geometry is attributed to Robert Hooke in his 1665
book, Micrographia, where through a study of cork (Fig. 6.3), he formally
connected cellular material structure to its behavior. In fact, Hooke is
responsible for coining the term “cellular” to describe these structures,
due to their similarity to prison and monastery cells [2], though the modern
concept of cells as the basic building blocks of life would not emerge until
roughly two centuries later [8].

Figure 6.2 Functions of cellular materials in nature. Credit: Reproduced from D. Bhate, C.
Penick, L. Ferry, C. Lee, Classification and selection of cellular materials in mechanical
design : Engineering and biomimetic approaches, Designs 3 (1) (2019) 19, https://doi.org/
10.3390/designs3010019, this is an open access article distributed under the Creative
Commons 4.0 Attribution License.
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A second reason for considering BID for cellular materials is that natural
structures tend to be multifunctional and robust in ways that are just begin-
ning to be understood. Discretization of structure in nature into cellular pat-
terns lends itself well to morphogenesis, but it also has at least three other
functional advantages: It allows for symmetry breaking, which in turn en-
ables greater functionality [9], enables greater defect tolerance [10], and
also allows a structure to be more tolerant of uncertainty in the environ-
mental conditions. At a fundamental level, discretization allows for the
increased storage of information, over the limited information content of
homogeneous structure, which can then be leveraged for a wide range of
functional benefits [7]. This approach to multifunctionality is commonly
leveraged in natural cellular materials.

Figure 6.3 The first published observation of cellular materials, in cork, by Robert
Hooke (1665). Credit: Public domain.
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The future of sustainable material design and manufacturing depends, at
least partly, on our ability to deemphasize material quality and energy-
intensive manufacturing processes to instead learn from nature to focus
our efforts on those processes that exert a higher degree of control of infor-
mation content [11]. The question thus becomes one of method: How does
one apply BID and AM to the design and manufacturing of cellular mate-
rials? It is to address this question that the rest of this chapter is devoted.
In the next section, the central questions of cellular material design are
posed. In Section 6.3, nature’s solutions to these questions are discussed.
Section 6.4 summarizes the manufacturing constraints imposed by AM
that the designer of cellular materials must be aware of. Section 6.5 proposes
a methodology for BID of cellular materials. The chapter concludes with a
discussion of challenges and opportunities in this field.

6.2 Cellular materials design

A designer of cellular materials has to address four key questions [12],
listed in the following and graphically represented in Fig. 6.4:
i. What is (are) the optimum unit cell(s)?

Figure 6.4 The four questions in cellular material design. Credit: Reproduced from D.
Bhate, Four questions in cellular material design, Materials 12 (7) (2019), 1060, https://doi.
org/10.3390/ma12071060, this is an open access article distributed under the Creative
Commons 4.0 Attribution License.
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ii. How should the size of the cells vary spatially?
iii. What are the optimal cell parameters (e.g., wall thickness)?
iv. How best should the cells be integrated with the larger form?

In the following discussion, each of these questions is discussed with
respect to material design. This discussion then sets the stage for the
following section, which examines how each of these questions is addressed
in nature, and how one may be able to leverage lessons from nature in
directing cellular material design.

6.2.1 Cell selection
A designer can select from an infinitely large list of unit cells, ranging from
the prismatic hexagonal honeycomb to stochastic foams. The first question
therefore deals with how one should go about making this selection for a
specific application. One way of approaching this question is to first classify
the wide range of choices into three specific levels of decision-making, as
shown in Fig. 6.5 [12]: tessellation (the division of space into smaller,

Figure 6.5 Design options available to the designer of cellular materials. Credit:
Reproduced from D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of cellular
materials in mechanical design : Engineering and biomimetic approaches, Designs 3 (1)
(2019) 19, https://doi.org/10.3390/designs3010019, this is an open access article distributed
under the Creative Commons 4.0 Attribution License.
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repeating entities), elements (the material constituents of that space), and
connectivity (the ways in which these constituents are connected).

Tessellations can either be periodic, stochastic, or hierarchical [6]. Ele-
ments are either beam based, such as what are commonly associated with lat-
tice structures [13e15], or surface based, such as in triply periodic minimal
surfaces (TPMS) [16]. At a practical level, these three decisions can be used
to realize a range of cell shapes, some examples of which are shown in
Fig. 6.6, and which is inspired by the design process in the nTopology
Element lattice design software [17]. In addition to guiding a designer to-
ward selecting a specific unit cell, a classification like the one proposed
here enables a deeper investigation of the relative benefits of each decision
point (marked as a red dot in Fig. 6.5).

6.2.2 Cell size distribution
Once a cell shape is selected, the larger structure needs to be populated with
these cells. The main concern is then one of cell size and distributiondthe
question for the designer essentially becomes one of selecting the best distri-
bution for a specific structure for a given application. With cellular materials,
a designer has the option of defining a regular periodic structure or a stochas-
tic structure with some governing sizing rule; both these examples are
shown in Fig. 6.7A and B, respectively.

The selection of the size of cells is bounded at the low end by
manufacturing constraints, such as resolution and the need for powder
removal (in the case of powder-based AM processes). The maximum over-
hang distance may, for some processes, define an upper bound. Between
these bounds imposed by manufacturing processes, however, it is not

Figure 6.6 Examples of how choices made in tessellation, element type, and connec-
tivity influence the final result of a unit cell design. Credit: Reproduced from D. Bhate, C.
Penick, L. Ferry, C. Lee, Classification and selection of cellular materials in mechanical
design : Engineering and biomimetic approaches, Designs 3 (1) (2019) 19, https://doi.org/
10.3390/designs3010019, this is an open access article distributed under the Creative
Commons 4.0 Attribution License.
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obvious what specific size a cellular material should have or how it should
vary spatially. Crucial to enabling this selection is the concept of relative
density [18], which can, as is more commonly the case, also be modified
through a tuning of parameters such as thickness of the members consti-
tuting the unit cell, which is discussed in the next section.

6.2.3 Cell parameters
The previous two questions dealt with selection of a unit cell topology and
its size distribution through a structure of interest. Nothing has yet been said
about the dimensions and material composition of the cell itself. For

Figure 6.7 Cells can be distributed in a prescriptive manner, (A) shown for a periodic
lattice, or (B) by using a function, shown for a stochastic lattice. Credit: Reproduced
from D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of cellular materials in
mechanical design : Engineering and biomimetic approaches, Designs 3 (1) (2019) 19,
https://doi.org/10.3390/designs3010019, this is an open access article distributed under the
Creative Commons 4.0 Attribution License.
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geometric parameters, consider the relatively straightforward case of the
hexagonal honeycomb: A typical way to represent this structure parametri-
cally is to describe it in terms of the length (l) and thickness (t) of the walls
and the corner radius (r), as indicated in Fig. 6.8. While length is implicitly
selected based on the unit cell shape and size selections in the previous two
questions, thickness and radii can be prescribed independently.

In addition to length, thickness, and junction parameters, the cross sec-
tion of the connecting element itself can vary. In the case of beam-based lat-
tice structures, for example, the cross section can assume a range of shapes,
including a variable section from one end to another. Fig. 6.9 shows three
possible cross sections that one may assign to a beam. Depending on the
scales involved relative to the manufacturing process of interest, such nu-
ances may not be resolvable. But if they are, these nuances become a design
variable that can influence behavior as well as manufacturability. For
example, the teardrop shape in Fig. 6.9C is so designed as to enable over-
hanging lattice beams to be self-supporting for processes that need support,
such as in powder-based AM processes. Finally, the properties of the

Figure 6.8 The hexagonal honeycomb can be described in terms of the lengths of its
walls (l), their thicknesses (t), and further, the radius at the corner (r). Credit: Reproduced
from D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of cellular materials in
mechanical design : Engineering and biomimetic approaches, Designs 3 (1) (2019) 19,
https://doi.org/10.3390/designs3010019, this is an open access article distributed under the
Creative Commons 4.0 Attribution License.
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constituent material that make up the cellular structure should also be
considered as a parameter since they are subject to selection. Of interest
to the designer of cellular materials is then to understand how best to opti-
mize these parameters to attain certain performance objectives for the mate-
rial of choice.

6.2.4 Integration
The previous three design elements concerned the definition of a cellular
pattern. A crucial question that remains regards how one should best inte-
grate this pattern into a form of interest. More specifically, one may ask:
what are the best ways to terminate cellular materials at an outer boundary?

Figure 6.9 Different cross sections for the beams that constitute the lattice: (A) circular
section, (B) square section, and (C) teardrop shape to aid in self-supporting overhangs.
Credit: Reproduced from D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of
cellular materials in mechanical design : Engineering and biomimetic approaches, Designs
3 (1) (2019) 19, https://doi.org/10.3390/designs3010019, this is an open access article
distributed under the Creative Commons 4.0 Attribution License.
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The most commonly available method of introducing a cellular material
into a solid is to use uniform infilling, shown in Fig. 6.10. When a uniform
infill is used, the assumption most often made is that the cellular material

Figure 6.10 Uniform lattice infill: (A) basic concept, (B) uniform infill with every unit cell
completely represented inside the boundary, (C) aligning of the centroid of the cells
with the boundary, and (D) ensuring the entire structure is completely filled with cells.
Credit: Reproduced from D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of
cellular materials in mechanical design : Engineering and biomimetic approaches, Designs
3 (1) (2019) 19, https://doi.org/10.3390/designs3010019, this is an open access article
distributed under the Creative Commons 4.0 Attribution License.
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completely replaces the larger component with no remnant skin or that the
cells will be trimmed by a skin, which can result in dangling beams or
unsupported walls. The termination of a uniform infill can be specified in
at least three ways: by defining the termination, such that either all cells
lie completely inside the structure or just the centroids do, or in a way
that completely fills the structure with cells (Fig. 6.10BeD, respectively).
Uniform infilling is a useful approach to designing specimens for character-
ization and may be a beneficial strategy when working with surface-based
cellular materials, but generally speaking is not preferable for components
since exposed struts or walls may be prone to damage and infiltration.

To avoid the risk of having struts protrude outside the geometry,
conformal strategies have been developed by researchers [19,20] and also
implemented in some commercial software, an example of which is shown
in Fig. 6.11A. In conformal geometries, the cellular material is wrapped in
such a way as to ensure the outermost unit cells terminate exactly on the
walls of the specified structure. Wrapping is now a feature in some cellular
material design software and can extend to complex geometries as shown in

Figure 6.11 (A) Basic conformal lattice infill, and (B) wrapping cells such that they
conform to the boundary. Credit: Reproduced from D. Bhate, C. Penick, L. Ferry, C. Lee,
Classification and selection of cellular materials in mechanical design : Engineering and
biomimetic approaches, Designs 3 (1) (2019) 19, https://doi.org/10.3390/designs3010019,
this is an open access article distributed under the Creative Commons 4.0 Attribution
License.
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Fig. 6.11B but tends to distort the cellular geometry close to the skin
boundaries.

6.3 Cellular materials in nature

Each node in the classification scheme in Fig. 6.5 represents a decision
a designer needs to make. At the highest level, these decisions deal with
selecting a strategy for tessellation, deciding which type of elements to
use, and finally, deciding how to connect these elements within the tessel-
lated unit cell. In this section, examples of how these decisions are reflected
in natural structure are demonstrated, and their functional benefit is dis-
cussed and occasionally speculated.

6.3.1 Unit cell selection
6.3.1.1 Tessellation
The first decision a designer encounters along the classification scheme in
Fig. 6.5 is whether to tessellate space using a periodic, stochastic, or hierar-
chical scheme. All three strategies are observed in nature, and some examples
of each are compiled in Table 6.2 along with the functions typically
attributed to these structures in the literature. Periodicity in natural cellular
materials is most commonly observed in the nests of social wasps and bees
[21]. It is not surprising that these cells are nearly uniform in shape and
size, because they are used for rearing individual bees or wasps that have
roughly the same body size, while storage of honey and pollen is a secondary
function. The design of these nests is optimized to use material in efficient
ways by forming hexagonal cells that have been shown mathematically to
be the most efficient way of tessellating 2D (two-dimensional) space into
partitions of equal area [22]. Periodic tessellations are also found in natural
structures that do not have a storage function. The skeletons of radiolarians
often demonstrate periodic structures [23], as do the tesserae in rays [24], and
scales on a wide range of fish and reptiles. For 2D or planar tessellation in
protective structures, such as tesserae and scales, a key function is to break
up a continuous surface into interlocking tiles that are less prone to fracture
while also providing flexibility, often by the use of a secondary material that
is softer than the primary structural component [10].

In addition to serving a protective function against the external environ-
ment, these examples are all constructed around axes or planes of symmetry
at the level of the organism. The radiolarian shell in Table 6.2, for example,
has 3D radial symmetry. Scales on snakes and fish are constructed around a
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Table 6.2 Natural examples of Periodic, Stochastic, and Branching tessellation.
Periodic Stochastic Hierarchical

Honeybee nest Trabecular bone Dragonfly wing venation

Mechanical In-plane gravity loads, seasonal
variation in weight [21,25]

Toughness under compressive and
impact loading [7]

Flexural rigidity [26], fracture toughness
[27]

Biological Storage of brood, pollen, and
nectar; minimization of
material (effort) [25]

Storage for bone marrow, nerves,
and blood vessels [28]

Circulation of hemolymph
through wing [29]

Radiolarian shell
Aulonia hexagona

Plant parenchyma
Helianthus (sunflower)

Amazon water lily
Victoria amazonica

Mechanical High specific strength under
hydrostatic pressure and
compression [23]

Maintain shape, adapt in response to
environment

Flexural rigidity [30]

Biological Protective case, light weight to
occupy surface waters [23]

Storage of sugars, photosynthesis [7] Carry nutrients and waste products

(Continued)

Bio-inspired
design

and
additive

m
anufacturing

of
cellular

m
aterials

155



Table 6.2 Natural examples of Periodic, Stochastic, and Branching tessellation.dcont'd
Periodic Stochastic Hierarchical

Endoskeleton tesserae
Elasmobranchii

Veiled lady indusium
Phallus indusiatus

Orange fruit
Hesperidium

Mechanical High bending flexibility;
compressive strength [31]

Strength under variable loading (speculated) Resilience under drop impact
(speculated)

Biological Space between tesserae provides
room for growth [24]

Access for insects of varying
sizes to fungal cap (speculated)

Improve seed dispersal (speculated)

Reproduced from D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of cellular materials in mechanical design : Engineering and biomimetic
approaches, Designs 3 (1) (2019) 19, https://doi.org/10.3390/designs3010019, this is an open access article distributed under the Creative Commons 4.0 Attribution
License.
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plane of bilateral symmetry. Stochastic patterns that have a mechanical func-
tion and are distributed about an axis or plane of symmetry could potentially
violate this symmetry and its associated benefits, in particular for motor func-
tion [32].

The majority of periodic cellular materials may thus have one or more of
the following conditions underlying their periodicity: (1) a storage function;
(2) use of a stiff-soft material hierarchy for fracture resilience; and/or (3) a
need to form around axes or planes of symmetry at the level of the organism.
This raises the question: Why bother with nonperiodic tessellations at all?
Some structural cellular materials in nature do not follow the periodic reg-
ularity of structures as do the hexagonal cells of honeybee nest. This lack of
periodicity is called stochastic, whether these emerge from an underlying
mathematical function, such as those resulting in the Voronoi pattern, or
not.

The disruption of symmetry in biology occurs at various scales from mo-
lecular assemblies to embryonic body axes, and it is intimately linked to
functional diversification [9]. This is well understood for molecular scales
and for some examples of interest at larger scales, such as the trabecular
bone, shown in Table 6.2. The trabecular bone does indeed have to perform
multiple functions: storage of bone marrow as well as the encasement of
nerves and blood vessels, and it must also possess toughness under compres-
sive and impact load [7]. Bone tissue also undergoes active strain-adaptive
remodeling to allocate material where it is needed and remove it where it
is not [28]. This requirement to adapt to local strain inherently breaks sym-
metry since the interactions between the environment and the body do not
result in a symmetric state of stress. Furthermore, this state of stress changes as
the individual ages or as the load-bearing environment changes. Addition-
ally, trabecular bone does not have a local symmetry requirement since an
individual bone is not inherently symmetric, nor is there a requirement of
equal storage volume within each cellular region.

Another example of stochastic patterns can be found in the ground tissue
system in plants, which consists of parenchyma cells that store sugars and
typically make up the bulk of nonwoody plants. These cells can have very
irregular shapes, as shown in Table 6.2, that, while approaching a tetrakai-
decahedron shape, have varying shapes and degrees of compaction. A final
example of stochastic cellular materials is the pattern of the indusium of
the veiled lady fungus, shown in Table 6.2. The functional benefits for
this structure’s stochastic nature are not clear, but since it serves as a network
that enables several insect species to reach the fungal cap, it may be preferable
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to have a nonperiodic pattern that can accommodate a wide range of insect
sizes and mobility mechanisms.

It may thus be hypothesized that natural cellular materials tend to be sto-
chastic when there is a need for one or more of the following conditions: (1)
a high degree of multifunctionality; (2) a need for the structure to be adap-
tive to changing loading conditions in the environment; and (3) a high de-
gree of uncertainty in the magnitude and direction of these loads. This
resonates well with what engineers have been practicing for decades with
regard to energy absorbing foams used in packaging, where the nature of
the applied loads is uncertain.

While irregular cellular patterns suggest a lack of underlying relation-
ships, empirical studies of natural stochastic cellular materials have revealed
at least two relationships between cells in a certain neighborhood, which
can then be generalized across a large area of interest. These two relation-
ships are discussed briefly in the following and may form the basis of a sto-
chastic design methodology for cellular materials.
• The AboaveWeaire law: The AboaveWeaire law relates the number of

edges in a particular cell to the number of edges in the cells in its
neighborhood. A general observation of stochastic cellular materials in
nature is that a cell with more sides than average has neighbors which,
when considered together, have less sides than the average number. For
two-dimensional prismatic cellular materials (like the honeycomb), this
relationship was first given empirically by Aboav in 1970 (Eq. 6.1, with a
slightly different formulation) and derived formally by Weaire in 1974
[2] is:

m¼ 5þ 6
n

(6.1)

where n is the number of edges of the candidate cell and m is the average
number of edges of its n neighbors (this is specific to edge-to-edge cells
only). A fuller discussion of this law and its historical journey can be
found in a review paper by Chiu [33].

• The Lewis rule: F.T. Lewis studied cells in nature as a mathematical prob-
lem through the mid-1900s and proposed a law (Eq. 6.2) that relates area
of a cell to its number of edges [2]:

AðnÞ
AðnÞ¼

n� n0
n� n0

(6.2)
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where A(n) is the area of a cell with n sides, AðnÞ is that of the cell with
average number of sides n, and n0 is a constant.
Cellular materials may also emerge around a hierarchy, such as a network

of branches. One example of this is the venation patterns of the wing of the
dragonfly, shown in Table 6.2. Veins in a dragonfly perform a circulatory
function consistent with most branching patterns in nature but also play a
role in stiffening the vein [26,34,35] and in increasing its resilience to dam-
age [27]. A similar stiffening effect has been attributed to the veins of the
Amazon water lily [30]. The key design relationships of branching involve
the level of hierarchy, associated branch thickness, and branching angles.
For the latter two, the following empirical relationships have been proposed:
• The Murray law: This law, first proposed by Murray in 1926 [36], states

that when a parent blood vessel branches into daughter vessels, the cube
of the radius of the parent vessel is equal to the sum of the cubes of the
radii of daughter blood vessels. This law has been generalized to fluidic
networks of arbitrary shape and scale where for large-scale channels, the
ratio of the cross-sectional areas of the daughter-to-parent channels is
equal to N�2/3 whereN is the number of daughter channels (of constant
cross-sectional shape) [37].

• Determination of vertex angles: Thomson [38] studied the angles at the
intersection of different veins and postulated that the angle was related
to the “tensions” experienced in the veins. As shown in Fig. 6.12, for a
dragonfly wing, right angles (90 degree) are formed at the intersection of
a thick, primary rib (presumably bearing more load), and a thin vein
(with less load). Between these primary branches, the thin veins tend to
meet at 120 degree angles. Recent work on dragonfly venation has
added more weight to this hypothesis, with data showing a similar

Figure 6.12 Thompson [38] postulated that when the “tensions” in veins had large dif-
ferences (T > t), the veins would meet at right angles, approaching 120 degree as the
tensions in coincident veins equaled each other. Credit: Dhruv Bhate, first published in an
open-access journal.
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relationship between the interior angles in a cell and the number of
primary veins it is bounded by Ref. [39].
Not all hierarchical patterns have to physically manifest as branchesd

some may be the result of segmentation, such as the packing of cells in a cit-
rus fruit as shown in Table 6.2, where an overlying high-level distribution
into sections then influences the distribution of cells within each section.
Another example of hierarchy is visible in the structure of the Venus’ flower
basket, a sea sponge that has a silica lattice structure with multiple levels of
cellularity, combining nested and overlaid strategies [40] for increased resil-
ience to fracture.

6.3.1.2 Elements
Table 6.3 shows examples representing beam and surface elements that are
found in nature. These and other natural cellular material examples suggest
that nature tends to use surface elements either when resorting to some
storage function (sugars for plants, larvae for nests) or for providing physical

Table 6.3 Examples of beam and surface elements in nature.

Credit: D. Bhate, C. Penick, L. Ferry, C. Lee, Classification and selection of cellular materials in
mechanical design : Engineering and biomimetic approaches, Designs 3 (1) (2019) 19, https://doi.org/
10.3390/designs3010019, this is an open access article distributed under the Creative Commons 4.0
Attribution License.
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protection and acting as an external skin cover. When there is no storage or
external protection requirement, most natural cellular materials are con-
structed from beams as shown in the lattice structure of the Venus’ flower
basket and the radiolarian, though more data are needed to confirm the
validity of this observation.

6.3.1.3 Connectivity
Connectivity is the last step in cellular material design, and it specifies the
actual shape of the unit cell. Unlike the previous two levels of the classifica-
tion (tessellation and elements), there are infinitely many choices when it
comes to the decision of connectivity. To narrow down the window of se-
lection, we need to articulate the specific function(s) of interest so that we
might be able to identify natural models that perform that function [41].
A common technique is to pose this as a question: “How would nature
design for function X?”

In relation to aerospace design, we restrict ourselves to design of load-
bearing structures, where our primary interests are in the following mechan-
ical properties:
• stiffness/rigidity (the ability to resist deformation),
• strength (the ability to resist collapse), and
• toughness (the ability to resist fracture)

These properties are defined in the context of the conditions experi-
enced by the structure. With regard to the nature of loads, these may be clas-
sified as gravity loading, compression, tension, torsion, bending and shear, or
some combination of these. Furthermore, these loads may be applied in one
or many directions (such as uniaxial, biaxial, and hydrostatic) and with
different durations (such as at varying strain rates, fatigue, and vibration).
Thus, the loading condition may be adequately described by specifying three
pieces of information (see Fig. 6.13): loading type, loading direction, and
period of application [42]. This approach, while simplified from an applica-
tion standpoint, increases the likelihood of finding studies in the literature of
natural models that thrive in these conditions, whether through a formal re-
view of the literature or using online resources like asknature.org [43].

Table 6.4 shows how, for eight identified natural cellular materials with an
evident load bearing functional requirement, we were able to identify the
loading conditions within the framework in Fig. 6.13 and then extract the rele-
vant design choices for each cellular material. Such a methodology is in princi-
ple extendable to a range of structural cellular materials and also to nonstructural
functions such as storage, thermal regulation, and acoustic modulation.
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6.3.2 Cell size distribution
Most commercial design software leaves the prescription of cell size and its
distribution to the user and performs optimization at the level of the cell pa-
rameters [17]. Published literature on topology optimizationebased
methods for lattice generation also tends to focus on parameters, and not
cell size optimization [49,50]. In some cases, the discretized cell size is
selected to conform to the geometry of the component being filled with
cellular materials [49]; in others, error diffusion methods were used to
generate dithered points that are then used as seeds for creating the cells [51].

A BID approach may also help address the question of cell size distribu-
tion. Gradients are common in many natural cellular materials, two

Figure 6.13 A proposed classification for loading conditions: (A) loading type,
(B) loading direction, and (C) period of application. Credit: Dhruv Bhate, first published
in an open-access journal.
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Table 6.4 Biomimetic cellular materials design classification levels by loading conditions.
Loading conditions

Natural model
Cellular material design

Type Direction Duration Tessellation Elements Connectivity
Schematic
diagram

Gravity
(self-
weight)

Uniaxial Creep Periodicdunaryd
edge-to-edged
regular

Surface Hexagonal
prism,
surfaces
connect
edges

Compression Hydrostatic Dynamic,
fatigue

Hierarchicald
overlaid

Beam Corner
vertices and
across faces

Bending Variable Dynamic Stochastic Closed cell
foam and
lattice struts

Stochastically
distributed
faces and
vertices

Bending Distributed
(surface
pressure load)

Static
(stable)

Branching Beam Along edges
defined by
branching
pattern

Compression Pressure,
variable

Impact Stochastic Surface Stochastically
distributed
faces

Shear Hydrostatic Static
(stable) 1

Periodicdunary,
edge-to-edged
regular
hierarchicald
overlaid

Surface (tiles) Faces
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Table 6.4 Biomimetic cellular materials design classification levels by loading conditions.dcont'd
Loading conditions

Natural model
Cellular material design

Type Direction Duration Tessellation Elements Connectivity
Schematic
diagram

Compression Uniaxiald
variable

Impact Periodicdunaryd
edge-to-edged
regular
Hierarchicald
overlaid

Surface (tiles) Faces

Compression Uniaxialdvariable Impact Periodicdunaryd
overlapping

Beam (fibers) Fibers stacked
along a
helical twist
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examples of which are shown in Fig. 6.14A and B, and can be implemented
in design software, as shown in Fig. 6.14C. The specific property that varies
can take many forms: in a review paper, biological gradients are classified
into six categories [52]: composition, arrangement, distribution, orienta-
tion, dimension, and interface. Most appropriate for the discussion here,
the “dimension” category refers to gradients in materials through “alter-
ations in their characteristic structural dimensions.” The cited benefits of
gradients from a structural standpoint include the modulation of hardness,
stiffness, and toughness. Another case of cell size control is seen in insect
wings and in leaf patterns, where cells emerge from an overarching branch-
ing pattern. The branches themselves often have a nonstructural role such
as enabling fluid flow but additionally play a structural role by stiffening the
entity [26].

A biological structure that embodies multiple cell sizes is the pattern of
scales on a snake. The scales on a snake have several functions: They provide
a protective cover, minimize friction [53], provide flexibility, and minimize
moisture loss. However, the size of these scales variesdin particular, the
ventral (underlying) region of the snake has long bands of scales as shown
in Fig. 6.15A, whereas the dorsal (top) side and the head and tail regions
have smaller scales as shown in Fig. 6.15B.

Figure 6.14 Gradients occur commonly in natural cellular materials, as shown in
(A) sections of bamboo, (B) a pine leaf, and (C) implemented in design software.
Credit: Dhruv Bhate, first published in an open-access journal.
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Figure 6.15 (A) Scales on a snake show smaller scale sizes on the top/dorsal side and
larger bands of scales on the bottom/ventral side, minimizing frictional losses. (B) The
head region shows a distribution of smaller scale sizes, probably adapted for flexibility
to enable the jaw to open wide. Credit: All images in the public domain.
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6.3.3 Cell parameter optimization
The two previous subsections discussed observations of shape and size in nat-
ural cellular materials. Associated with these shapes and sizes are parameters
that describe the geometry quantitatively. A specific example of such a
parameter is the corner radius seen at junctions of cellular materials, as shown
in Fig. 6.16. The corner radius is defined by the amount of curvature found
at each cell junction, and it can be measured as the radius of the “fillet” circle
associated with that curvature. The radiolarian has a square shape, and the
honeycomb has a hexagonal one, but both have very evident corner radii.
Another example of a cell parameter is the relative thickness of the connect-
ing members of a cell: The radiolarian has a thicker strut in relation to the
size of its cell as compared with the thickness of the wall of the honeycomb.
A study of these parameters, especially comparatively across different species,
material compositions, and environmental conditions, has the promise to
yield parametric relationships of functional valuedthis will be demonstrated
in more detail in Section 6.5.

6.3.4 Integration
Identification of a cellular material unit cell, its size distribution, and associ-
ated parameters is not sufficient for the designer of engineering structures
and components. The final step is the integration of these cells within an
external form that may need to meet other functional objectives not specific
to the nature of the cellular material within it. To cite one example, the
spines of a sea urchin, such as the one shown in Fig. 6.17A, serve many func-
tions, including locomotion, sensing, and protection against predators [54].

Figure 6.16 High magnification images of cells comprising a radiolarian (left) and hon-
eycomb (right). Clearly visible are nuances such as the corner radius and variations in
the beam thicknesses. Credit: (left) Hannes Grobe, Wikimedia Commons; (right): Authors.
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These functions are provided by the shape and length of an individual spine
in its external form, within which exists a multiscale architecture, some as-
pects of which are shown in Fig. 6.17B and C. Fig. 6.17C is a true cellular
material, and quantitative studies have shown it to approach a surface-based
structure similar to TPMS geometries [55]. Other examples of internal
cellular structure defined within an external form include bone, antler,
and beaks, all of which exhibit similar cellular structures as that found in
sea urchin spines.

Figure 6.17 (A) Sea urchin with spines; (B) sketch of a transverse section of a spine, (C)
surface-based cellular materials found at higher magnifications within the spine. Credit:
(A) Nick Hobgood, Wikimedia Commons. (B) and (C) public domain.
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There are also examples where the cellular structure is itself responsible
for all or part of the external form, including the Venus’ flower basket sea
sponge (Fig. 6.18A), radiolarians, and honeybee nests (Fig. 6.18B). In these
instances, there is a functional requirement that the cells be directly exposed
to the environment, for purposes of filtration or access.

6.4 Additive manufacturing design constraints

Like all manufacturing processes, AM too imposes constraints on what
can be manufactured. These constraints tend to be process specificdfor
example, most AM processes require supports when printing a part, which
can restrict the design since these supports need to be removed after fabrica-
tion. However, some processes allow for supports that are soluble in water,
and others do not need supports. The details of these constraints and how
they vary across different AM processes are beyond the scope of this chapter;
the reader is instead pointed to a handbook that lists these constraints by pro-
cess [56]. Here, different types of constraints that specifically impact cellular
material design are discussed. The designer of cellular materials with AM
should be aware of these constraints and account for them in the design
process.

6.4.1 Feature resolution and fidelity
Cellular materials tend to have fine feature sizes, and therefore a key consid-
eration is whether the AM process in question can actually resolve these fea-
tures, and if so, do so with high fidelity such that the geometric intent is

Figure 6.18 Examples of cellular materials that are exposed to the environment: (A)
Venus’ flower basket and (B) honeybee nest. Credit: (A) Neon, Wikimedia Commons.
(B) Authors.

Bio-inspired design and additive manufacturing of cellular materials 169



realized. While every process typically has well-established design thresholds
that can be fabricated, such as minimum wall thicknesses and strut diameters,
the interactions of these with other members in a cellular material may shift
these thresholds in either direction. As a result, it is often best to fabricate the
cellular material in question at reducing scales to establish a working mini-
mum threshold for cell size. One example is shown in Fig. 6.19, where
metallic honeycomb cells are fabricated using the laser powder bed fusion
(LPBF) process. As the size of the cell reduces, the cell geometry shifts
from a hexagonal cell to a circular one, as the corners and edges lose defini-
tion. Another challenge at smaller cell sizes is trapped powder, which is a
common concern in powder-based AM processes.

6.4.2 Dimensional accuracy
Even when features are printable, and the shape of the cell generally approx-
imates the intended design, dimensional accuracy can influence behavior.
To demonstrate this, consider Fig. 6.20A, which shows a blue light scan
of a triangular honeycomb (blue lines), superimposed over the intended
design (pink lines), for a polymer part fabricated using the fused deposition
modeling (FDM) process. The intended triangular shape is maintained, but
the strut thicknesses vary considerably around the designed value of 0.03200

Figure 6.19 (A) Honeycomb test specimens fabricated at various scales to establish a
working minimum cell size, (B) magnified images of specimens (all at the same magni-
fication), showing how the fidelity of the cell geometry reduces with reduction in scale
(scale bar is 1 mm). Credit: Authors.
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or 0.813 mm (Fig. 6.20B). Additionally, the corners are clearly not sharp, as
intended in the design, and have a nonzero corner radius.

Both of these deviations may appear small numerically but can be quite
substantial for cellular materials since the original dimension of interest it-
self is very small. To stay with the aforementioned example, the triangular
honeycomb walls have variance in thickness of a mere 0.00300 (0.076 mm),
but this amounts to approximately 10% of the designed strut thickness.
This can introduce a significant source of variance in the behavior of these
materials.

6.4.3 Scale dependence
A further complication associated with fabricating the tiny structures that
constitute cellular materials is that they often push AM processes to their
limits and can result in behaviors that are not the same as one would expect
at the bulk scale that properties are typically measured at. As one example of
how processes change at small scale, consider the thin metallic walls fabri-
cated using the LPBF process, shown in Fig. 6.21, where both the actual
printed part, and the laser scan strategies used to create them are shown
for two different wall thicknesses. At wall thicknesses of 400 mm (and larger),
the laser has enough room to insert a raster pattern within the outer
contoursdhowever, when this reduces to 100-mm wall thickness, there is
only enough width to melt two contours. Laser scan strategies, particularly
at the cliff of the process, have the effect of impacting the dimensional ac-
curacy and porosity in these walls, which in turn effects mechanical and
other properties.

Figure 6.20 (A) Blue light scan of a triangular polymer honeycomb superimposed over
its intended design, and (B) variance in measured thickness for these honeycomb walls,
for four different specimens against a designed value of 0.032 in. Credit: Authors.

Bio-inspired design and additive manufacturing of cellular materials 171



6.4.4 Orientation dependence
Finally, each of the three aforementioned process-introduced constraints
varies as a function of orientation of the part. This can be particularly chal-
lenging for cellular materials due to the large variances in surface orientation
due to the complex geometries of most cellular materials. Orientation can
impact feature manufacturability, as shown in Fig. 6.22A, where some of
the thinnest walls that can be fabricated vertically cannot be realized at a
30-degree angle. This also applies to the fidelity of the geometry and surface
roughness, as shown in Fig. 6.22B, where the identical honeycomb spec-
imen is fabricated in three different orientations with differing results.

6.5 Toward a methodology: Honeycomb panel case
study

Previous sections have demonstrated how the questions posed to a
designer of cellular materials may have solutions in nature, as well as how

Figure 6.21 Thin walls fabricated using the laser powder bed fusion process showing
variation in scan strategies at different thicknesses. Credit: Authors.

Figure 6.22 (A) Thin walls fabricated vertically and at 30-degree angle show different
fabrication thresholds, and (B) honeycomb specimens at different angles show varying
fidelity and texture. Credit: Authors.

172 Derek Goss et al.



design needs to be tempered by the realities of manufacturing. In this sec-
tion, a methodology for the BID of cellular materials, in the context of
AM, is proposed, using a specific parameter, namely the corner radius in a
hexagonal cell of a honeycomb panel, as a case study.

Several methodologies have been proposed for biomimicry and BID
[57e60]. These are useful foundational concepts of wide generality. For
example, two approaches have been proposed for biomimicry: in the first,
the solution to a specific challenge is sought in nature (“Challenge to
Biology”); in the second, a study of the biological organism(s) leads the
way to inspiring designs (“Biology to Design”) [41]. In the context of
cellular materials and AM, a narrower framework may be proposed with
the aim of identifying, designing, and validating cellular material design
principles in nature, as shown in Fig. 6.23. A three-step process is proposed,
each of which is discussed in the following, along with a demonstration from
the case study.

6.5.1 Morphology
A study of morphology in this context consists of two steps: In the first step,
the natural organism(s) of interest are identified for study, and in the second
step, the organism in question is digitized, i.e., converted into mathematical,
quantifiable representations, which typically involves a characterization of its
structure. Generally speaking, the organism can be selected either based on

Figure 6.23 A three-step approach proposed for BID of cellular materials with AM. AM,
additive manufacturing; BID, bio-inspireed design. Credit: Authors.
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the study of a specific cell shape (e.g., selecting butterfly wings or sea urchin
spicules to study surface based cellular materials) or design concept (the ben-
efits of aperiodicity in cellular materials, for example). Alternatively, the se-
lection can be made based on the application. Here, we demonstrate this
methodology for a specific design parameter: the corner radius of a hexag-
onal unit cell, with honeycomb paneling as the intended application.

The hexagonal unit cell is a common design element of several structures
in nature: the eyes of a fruit fly, the scutes on a turtle shell, and the arrange-
ments of lattice struts in radiolarian. However, perhaps the most well-
known manifestation of the hexagonal unit cell is in insect nests, particularly
the honeycomb nest made by the honeybee. The first recorded mention of
the geometric aspect of honeycomb is attributed to Euclid (born mid-4th
century BC) in the Arabian Nights, where it is stated that he “was instructed
by admiring the geometry of their cells” [1]. Since then, there have been
numerous studies into the hexagonal aspect of these cells, with the mathe-
matician Thomas Hales proving “the honeycomb conjecture” in a 2001 pa-
per, showing that the hexagonal pattern was indeed the most efficient
partitioning of two-dimensional space into equal areas [22].

With AM technologies, it is possible now to not just create honeycomb
structures but also control the design of specific features within these struc-
tures, such as the thickness of the walls, and how they vary spatially. Toward
this end, a closer examination of the cells of insect nests was made across 70
bee and wasp species. Using a structured white light scanning microscope,
the cell diameter, wall thickness, and corner radius of these cells were
measured as shown in Fig. 6.24.

The data revealed a wide range of measurements across the 70 species,
consistent with the observation in the literature that “variation in nest
architecture between distantly related species is far more striking than is the
morphological variation” [61]din fact, the architecture of the nest is often

Figure 6.24 Cell parameters that were measured: cell diameter, wall thickness, and
corner radius. Credit: Authors.
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used as a characteristic that identifies a particular species [62]. One metric that
was of most interest was the corner radius, which showed a wide spread across
the 70 species, as shown in Fig. 6.25A, where it is plotted as a function of the
cell diameter, with the color coding indicating the material of construction.
However, when normalized with cell radius (half the diameter), the corner
radii tend to fall into two categories: wax and mud have higher corner

Figure 6.25 Corner radius data from cells of nests across 70 species: (A) plotted against
cell diameter, (B) normalized by cell radius (half the diameter), across different mate-
rials. Credit: Authors.
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radius/cell radius ratios, and paper cells have lower ratios (Fig. 6.25B). In all
cases, the corner radius is a fairly significant fraction (30%e80%) of the hex-
agonal cell’s radiusdas such, one may say that the cells of insect nests are not
truly hexagonal, but hexagons with rounded corners. The fact that the corner
radius appears so strongly in these natural structures hints at a structural
benefit, which brings the study into the realm of design.

6.5.2 Design
Once one or more morphological features or concepts have been identified
and quantified, the next step is to incorporate these ideas into the realm of
design. At this stage, it is useful to first attempt to relate the observation to
underlying physical models. In the present example, the role of the corner
radius can be examined in the context of established analytical models for
honeycomb structures. While there are several approaches to modeling hon-
eycomb mechanical behavior, the most common one is the GibsoneAshby
model [2]. This model relies on the decomposition of the honeycomb struc-
ture into an aggregation of beams, as shown in Fig. 6.26A. Beam theory
equations are then leveraged to describe the deformation response for a

Figure 6.26 (A) Honeycomb as an aggregation of beams, (B) triangular regions at the
nodes do not contribute to the deformation. Credit: Authors.
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given applied load and used to compute effective properties such as elastic
modulus. The model originally developed by Gibson and Ashby was later
modified by Malek and Gibson to account for the fact that the triangular re-
gion at the nodes of the honeycombs does not contribute to the overall
deformation of the structure (Fig. 6.26B), resulting in a reduction in the
length of the beam that contributes to the deformation, which in turn has
the effect of making the honeycomb stiffer [63].

While this is indicative of the effect of reduction in beam length, it does
not capture the geometry of the insect nest cells. For this, a more appropriate
treatment is to represent behavior at the nodes of hexagonal cells as being
similar to plateau borders, such as the ones seen at the junctions of soap bub-
bles. Chuang and Huang, in a series of papers, derived equations for the
behavior of hexagonal cellular structures with such plateau borders,
modeling the cell edges as variable-thickness beams [64,65].

The effective elastic modulus E* of a honeycomb composed of a material
of modulus Es, with such a plateau border and geometric parameters defined
in Fig. 6.27, was derived as [64,65]:

Figure 6.27 Model of hexagonal cell node as a plateau border. Reproduced with
permission from: C. Chuang, J. Huang, Theoretical expressions for describing the stiffness
and strength of regular hexagonal honeycombs with Plateau borders, Mater. Des. 24
(2003) 263e272, Copyright Elsevier 2003.
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When the radius at the corner (Rp) is zero, Eq. (6.5) reduces to the
simpler form:
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The aforementioned analytical methods are constrained by the assump-
tions of EulereBernoulli beam theory (viz. that cross-sections of the beam
do not deform significantly under transverse or axial loads) and are thus
strictly applicable for small deflections with negligible shear stresses, which
is true of most typical honeycombs with low thickness relative to length
of the beams [66]. Nonetheless, they enable generation of design charts
for selecting optimum plateau radius values to obtain specific elasticeplastic
objectives [65].

Another approach, with a wider range of applicability, is to leverage
parametric finite element analysis models to evaluate the design space and
study the effects of parameters on output properties of interest. For the pre-
sent example, a hexagonal unit cell was created in terms of parameters for
cell size, wall thickness, and corner radius, as shown in Fig. 6.28. This
unit cell can now be subjected to a wide range of loading conditions and
output response examined.

Prior to doing so, the unit cell model solutions are reconciled against the
analytical models described previously, from Malek and Gibson, and
Chuang and Huang. The former is for a sharp corner (zero corner radius),
and the latter treat the corner as the outcome of a plateau border. Both these
analytical solutions are compared with the unit cell prediction, for effective
stiffness of the honeycomb as a function of the normalized corner radius, in
Fig. 6.29. Good agreement is obtained with the Malek and Gibson solution
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Figure 6.28 (A) Parametric 3D unit cell of a hexagonal honeycomb, (B) enabling the
construction of several different combinations of parameters. Credit: Authors.

Figure 6.29 Comparison of unit cell model against analytical plateau border model,
and GibsoneAshby’s solution for a sharp corner (zero radius). Credit: Authors.
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at zero corner radius, and as expected, the deviation between the two
models increases with the corner radius. The plateau border model does a
better job approximating the unit cell model, deviating at larger corner radii,
where it is likely that the beam modeling assumptions are no longer valid, as
the structure gets increasingly curved. This is nonetheless a validation of the
unit cell modeling approach, paving the path for an optimization study. The
optimization study can be conducted in multiple contexts and different
parameters examined. Here, an in-plane compression test was simulated
on the unit cell, with the specific aim of maximizing the specific compressive
stiffness of the structure, while also minimizing the maximum specific
von-Mises stressdthe term specific here indicates that these quantities are
specified per unit mass. While the addition of mass in the corners is likely
to increase stiffness, of greater interest is to examine if that is a better alloca-
tion of mass than say, increasing beam thickness or cell density.

A pareto chart for these two parameters is shown in Fig. 6.30, with each
filled circle representing one simulation result. The size of the circle represents
the thickness of the cell wall (t) relative to cell diameter (D), and the color of
the circle represents the ratio of the corner radius (Rp) relative to the cell
radius (r ¼ D/2). The top left region thus represents the zone where specific
stiffness is maximized, and specific maximum stress is minimized, and the par-
eto curve indicates the optimum solutions obtained within the range of sim-
ulations evaluated. These data strongly point to the advantages of having a
corner radius and, indeed, recommend that the best design for these condi-
tions is one where the hexagonal cell is actually a circle, i.e., when Rp/r ¼ 1.

Figure 6.30 Pareto chart for specific stiffness and maximum stress as a function of cell
wall thickness and corner radius. Credit: Authors.
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The aforementioned discussion is an example of how analytical and
computational tools may be used to provide insight into any hypothesized
structureefunction relationship observed empirically in nature. Addition-
ally, the advantage of such an approach is that it serves as the bridge between
biological morphology and actual part production. Prior to implementing
the BID into a production part, however, it is useful to manufacture and
test structures with the material and process of interest, which we term
here as the final validation step.

6.5.3 Validation
Validation in the present context consists of two steps: first is the assessment
of manufacturability, which provides the constraints and bounds within
which the design must operate if it is to be realized in a part. For the current
example, an AM process called selective laser sintering (SLS) is used to fabri-
cate Nylon 12 parts. Several honeycomb specimens were fabricated with
varying cell sizes, wall thicknesses, and corner radii to select a unit cell size
that allowed sufficient exploration of the design space, one such specimen
is shown in Fig. 6.31A.

Once this was established, the next step is to evaluate the design principle
of interest in a specific testing environment. Specimens with varying param-
eters may be fabricated for tests in a range of loading conditions, shown here
for in-plane compression in Fig. 6.31B for honeycomb specimens with four
different corner radii. Effective stressestrain data can then be obtained, as
shown in Fig. 6.31C, which clearly shows increase in stiffness and peak
load with increasing corner radius and also an increase in waviness of the
stress plateau, which impacts the amount of energy absorption. Further de-
tails of this study described here can be found in the original publication.

6.6 Summary

Cellular materials have been studied for millennia, but interest in them
has recently increased on the strength of AM technologies that can realize
cellular geometries that had not been possible before. With this newfound
design freedom come a range of questions regarding the type of cell, its
size and distribution, and the way it needs to be integrated into structural
components. Nature has several examples of cellular materials employed
in a wide range of structures and for different applications, and it is thus nat-
ural to search for design wisdom in natural structure. In this chapter, we have
presented a framework for asking relevant questions and seeking solutions in
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nature, as well as using analytical, computational, and experimental methods
to validate hypothesized structureefunction relationships and enable their
translation into additively manufactured components.
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7.1 Introduction

Biomimicry can be defined as “an approach to innovation that seeks
sustainable solutions to human challenges by emulating nature’s time-
tested patterns and strategies” [1]. Biology offers economical solutions in
energy and resource consumption due to the stressors of an evolutionary
adaptation process over billions of years. Those solutions may yield impor-
tant insights into how technical systems can be designed more efficiently [2].
Therefore, knowledge of biological research may be abstracted and trans-
ferred to technical applications, thus merging life sciences and technical
disciplines in an inter- and transdisciplinary research and development
process [3].

The Integrated Bioscience Ph.D. program at the University of Akron is
the first and currently only program worldwide that allows graduate students
from different disciplines to pursue a doctoral degree with a focus on bio-
mimicry. The Biomimicry Research and Innovation Center (BRIC) was
founded in 2012 at the University of Akron with the goal to “align the cre-
ative ideas of scientists, engineers, artists, and entrepreneurs to catalyze in-
vention .” and “. lay the foundation for sustainable economic and
educational innovation powered by nature-inspired technologies” [4]. Bio-
mimicry design courses are offered every semester and focus on different
subject areas in research as well as application.
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7.2 University of Akron biomimicry course: Response
to NASA design challenge

The University of Akron course Biomimicry Design and Application tar-
gets a specific design problem using nature as a model for creating innovative
solutions and is laid out in a studio design format. In spring term 2017, a
collaboration with the NASA Glenn Research Center (Cleveland, Ohio)
was organized for a course named “NASA Design Challenge Advanced Ex-
ercise Concepts (AEC).” This section details the framework of the course,
background of the NASA design challenge, and the problem description.

7.2.1 Course framework
The class was comprised of students from multiple disciplines ranging from
design, biology, and exercise physiology to mechanical engineering. The
course was held weekly for 3 hours for 15 weeks and contained a mixed
program of lectures, discussions, reviews, presentations, and field trips.
The students collaborated in two interdisciplinary teams on the given design
challenge, which involved the research on the technical task, the selection of
biological role models, and the abstraction and application of the biologically
inspired ideas into a new design. The envisioned course outcome was a spe-
cific design solution for the technical problem including the creation of
models and prototypes. Throughout the course, the performance of the stu-
dents was evaluated based on research updates and review presentations.

The design challenge given by NASA targeted bioinspired approaches
for Advanced Exercise Concepts (AECs). These concepts are needed to
counteract muscular atrophy and improve the overall wellness of astronauts
living in zero gravity during a 21-day mission. The goal was to develop con-
cepts to improve accessories for zero-gravity spaceflight crew exercise equip-
ment including novel stowage and deployment features for spacecraft with
limited volume such as the Orion capsule, improve crew comfort, and
improve the efficiency of spaceflight exercise equipment by reducing mass
and volume requirements on the vehicle. The course was carried out in
continuous interaction and feedback involving external sources NASA con-
tractors (ZIN technologies, who produced the exercise machine
“ROCKY”) and other experts from BRIC. NASA Glenn experts provided
an overview and context for the design challenge, informed on overall re-
quirements and boundary conditions for the technical task, and mentored
the students in monthly design reviews. Fig. 7.1 shows the generic workflow
scheme for the course.
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At the beginning of the semester, a general introduction to biomimicry
and the technical task was given to the students in form of a lecture series
taught by different experts in the field. During the second stage of the
course, the students engaged in thematic research on different aspects of
the introduced task and shared their findings with the class in form of a pre-
sentation. Based on research interest and expertise, the students formed small
research groups to tackle a specific design challenge of the introduced task.
The students were asked to identify biological role models related to their
design task and to communicate their findings in a concept presentation
before narrowing down their proposed research and design project for
further elaboration. The progress of the project teams was evaluated in a
midterm presentation given by the students half way through the semester.
At the end of the term, the students were asked to present their findings and
design solutions to NASA in the form of a final presentation, seminar paper,
and concept prototypes.

7.2.2 Background of NASA’s design challenge
Exercise in space is an important part of crew health and combatting phys-
iological deconditioning that can occur in microgravity without adequate
exercise. The associated loss of bone density as well as muscle mass and func-
tionality can impact the performance of astronauts on their space mission as
well as upon return to earth [5e9]. Even after shorter spaceflights, lasting
from 5 to 17 days, significant decreases in muscle volume, strength, and
resistance to fatigue have been reported in several studies [8,10e13].

Figure 7.1 Workflow structure for the NASA Biomimicry Design and Application course.
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Therefore, countermeasures such as different forms of exercise have been
proposed or are already in use to mitigate the impact of microgravity on
the astronaut during long-term space missions [9,14e16]. On the Interna-
tional Space Station (ISS), for example, astronauts have several exercise ma-
chines available: Advanced Resistive Exercise Device (ARED), a treadmill
(called the “T2”), and the Cycle Ergometer with Vibration Isolation System
(CEVIS) [17]. This exercise countermeasure(s) hardware has proven benefi-
cial for maintaining crew physiological conditioning, but this suite of exer-
cise machines occupy large mass and volume allocations within the ISS and
are not optimal for missions with stricter space and weight limitations.

NASA’s upcoming Orion missions intend to return astronauts to the vi-
cinity of the Moon and eventually (with the addition of a deep space habitat)
to Mars by 2030 [18]. Initial crewed missions are planned to last for up to
21 days and require the astronauts to maintain strength and conditioning
since they will have to push themselves out of the Orion capsule after
reentry and landing in the ocean [17]. Due to the limited volume within
the Orion capsule, an exercise machine that can create sufficient loads and
can be used for a variety of exercises while occupying the least possible
amount of space would be desirable.

One proposed concept to meet those criteria was the Resistive Overload
Combined with Kinetic Yo-Yo device (ROCKY). The ROCKY is an ex-
ercise device that operates like a rowing machine and can be used for aerobic
conditioning as well as for strength training. In resistive mode, a closed-loop
servomotor in combination with a regenerative braking mechanism can pro-
vide resistive loads of up to 180 kg and simulate inertial loading, giving the
user the feel of using free weights on earth. Furthermore, in aerobic mode,
the ROCKY functions like a rower, providing a realistic feel of rowing a
boat, based on specifically developed control algorithms. The ROCKY
was designed according to the space limitations of the Orion capsule and
measures about 54 cm in width, 23 cm in depth, and 18 cm in height while
weighing around 10 kg. Furthermore, the device would also be used as a
step during entry in and egress from the capsule [17]. Fig. 7.2 shows the
ROCKY device as well as a digital model of the Orion capsule.

7.2.3 Problem description
The current dimensions of the ROCKY are adequate for specific functional
exercises such as rowing. However, the scope and variety of exercises are
limited by the device surface area as well as exercise volume within the
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capsule. Also, anthropometric variations between people require biome-
chanical adaptations so that equipment is designed to accommodate the va-
riety of body shapes and sizes. When performing squat-type exercises for
example, the feet should be placed shoulder width apart. For a squat exercise
properly carried out, the feet may be wider than shoulder width, while toes
are angled outward [19]. Studies have found that a wider base can reduce the
risk for musculoskeletal injuries [20]. Therefore, the implementation of
deployable structures to increase the surface area of the ROCKY when
needed would allow for a more diverse range of exercises as well as lower
the risk of injuries. Furthermore, additional accessories could further
improve exercise under zero-gravity conditions, such as adding an adhesion
mechanism to stabilize the astronaut during exercises.

Additionally, NASA emphasized that the limited durability of ropes and
cables used in zero-gravity exercise devices is a challenge that could be
addressed by the students. Ropes used in exercise equipment on the ISS
typically have a limited life span and are replaced on-orbit as failures occur.
The rope selection and testing process and Lessons Learned from past rope
failures due to poor tensile strength, flex fatigue, and abrasion from the pul-
leys during life cycle testing were provided to the students as a starting point
for brainstorming potential design solutions inspired by nature. For example,

Figure 7.2 (A) Mock-up of the Orion capsule, (B) the exterior view of ROCKY device,
(C) interior view of ROCKY device. ROCKY, Resistive Overload Combined with Kinetic
Yo-Yo. Courtesy: NASA.
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Yale Cordage’s Aracom-T ropes failed from poor tensile strength, whereas
Vectran ropes failed from flex fatigue and pulley abrasion. Dyneema ropes
had too much elongation, although they had high tensile strength. Low
elongation is important, so that the tensile resistance provided by the rope
is not reduced due to a change in length. Fig. 7.3 shows an example of a
strap-pulley system in an exercise device prototype developed for NASA.
The figure shows that abrasion to the rope can occur due to lateral friction
with the pulley system.

Different strategies for improving rope durability have been suggested by
NASA, such as the design of adjustable pulley systems to accommodate rope
elongation, elimination of stress concentrations, design of retractable tethers,
or the use of nonmetallic solutions as tethers and isolators [21]. Due to the
high expense for cargo deployment for spaceflight, the students also
explored possibilities of reducing the overall weight of the exercise machines
through lightweight design strategies. The estimated costs for sending cargo
of 1 kg up to the ISS amount to approximately $4500 USD on average [22].
For each of the design challenges described, a group of four students iden-
tified suitable biological role models, abstracted the underlying principles of
the organism’s adaptation of interest, and emulated the findings into a tech-
nical design solution. When feasible, the students generated models and
prototypes.

Figure 7.3 A strap-pulley system showing a common mechanism of rope failure due to
lateral abrasion.
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7.3 Biomimetic improvements to the exercise device
box and accessories

To improve the ROCKY box in terms of surface enlargement, the stu-
dents identified deployable structures in nature by searching existing literature.
A “mind map” created by the students including potential biological role
models, functions, and other features of interest. Examples of natural structures
examined include honeycomb sandwich structures, unfolding beach leaves,
and pigeon wing feathers. Finally, students also tried to develop more straight-
forward engineering solutions, including studies of commercial products.

7.3.1 Selection of biological role models
To improve the ROCKY box in terms of surface enlargement, the students
primarily tried to identify deployable structures in nature by searching existing
literature. Furthermore, adhesion in nature was considered to inspire technical
solutions to attach the astronaut to the exercise box during exercising under
zero-gravity conditions. Fig. 7.4 illustrates the initial “mind map” created
by the students including potential biological role models, functions, and
other features of interest. Databases and search tools such as AskNature.org
[23] or Web of Science [24] were used for initial exploration before students
narrowed their search down to a smaller selection of biological role models for
closer investigation.

Figure 7.4 The students’ initial mind map including biological role models, functions,
and additional features with potential for optimizing exercising in space using the
ROCKY exercise device. ROCKY, Resistive Overload Combined with Kinetic Yo-Yo.
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7.3.2 Foldable structures for improved functionality
7.3.2.1 Deployable honeycomb sandwich structures
The geometry of bee honeycombs inspired technical designs in various fields
such as architecture, mechanical engineering, nanofabrication, transporta-
tion, and so on [25]. Honeycomb core sandwich panels have been used in
the past in structures as simple as cardboard [26]. These structures are used
as they provide a high stiffness-to-mass ratio, a quality of interest in regard
to the weight limitations of the ROCKY. A honeycomb sandwich structure
consists of two thin but strong and stiff faces that are separated by a relatively
thick and lightweight honeycomb core [27]. The challenge that seems to be
facing many industries using this system is in using the correct material; how-
ever, there is a wide variety of options for material selection (for the face and
core) and the thickness of each component [28]. For instance, sandwich
panels made from carbon fiberereinforced plastics and other composites
have been proposed for improving stability of those structures [29]. Consid-
ering the space and weight limitations of the ROCKY, a deployable hon-
eycomb sandwich panel could be a considerable design solution to
increase the surface area of the device. Fig. 7.5 proposes a possible mecha-
nism for lateral surface enlargement of the ROCKY.

Figure 7.5 The proposed mechanism for lateral surface enlargement of the ROCKY
using deployable honeycomb sandwich structures. ROCKY, Resistive Overload Combined
with Kinetic Yo-Yo.
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7.3.2.2 Unfolding pattern of beach leaves
Many plant leaves, such as found in broad-leaved trees located in temperate
areas, are rolled or folded inside the plant’s bud. For example, beech or
hornbeam leaves consist of a straight and central primary vein and second-
ary lateral veins that are arranged parallel to each other, giving the leaf sur-
face a corrugated geometry. When the leaf unfolds, the primary vein is
elongated, which leads to the separation of the bases of the secondary veins
and to the rotation of their lamina into the plane of the leaf. Furthermore,
the secondary veins rotate away from the primary vein at the same time
[30,31].

To increase the surface area of the ROCKY during exercise, a similar
folding structure that elongates based on the extension of a central chord
along a middle axis could allow for a space and weight-efficient design.
However, due to the complexity of the structural mechanics as well as the
uncertainty of usable building materials regarding their loading capacities,
the introduced unfolding mechanism was not researched further. Fig. 7.6
proposes a possible folding mechanism for surface enlargement of the
ROCKY inspired by the unfolding pattern of beech leaves.

Figure 7.6 The proposed folding mechanism for surface enlargement of the ROCKY
inspired by the unfolding geometry of beech leaves. ROCKY, Resistive Overload Com-
bined with Kinetic Yo-Yo.
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7.3.2.3 Mechanics of the primary feathers of pigeon wings
During flight, the primary feathers of the pigeon (Columbia livia) must with-
stand aerodynamic forces. The feather shafts of the bird’s wings bend under
those loads as described in detail in a study by Purslow and Vincent [32]. The
main findings of the mentioned study show that the outer wall or cortex of
the feather’s shaft contributes to the majority of its bending behavior. The
shape and size of the cortex determines the shaft’s bending ability and shows
some relation to the bird’s body weight [32].

The shaft of a pigeon’s primary feather can be described structurally as a
cantilever with its base being inserted into the wing’s skeleton. According to
beam theory, when subjected to loads, a beam will deflect, and this deflec-
tion is associated with compression and tension within the beam about a
“neutral axis.” Around this neutral axis of the cantilever, neither compres-
sion nor tension occurs. The bending characteristics of a cantilever, or a
beam in general, depend on the applied force, beam cross-sectional area,
the stiffness of the material, and the material distribution (or “moment of
inertia”) around the neutral axis. For a pigeon’s primary feather shaft, the
maximum dorsoventral and lateral bending values occur at the point where
the feather’s shaft is being inserted into the wing’s skin while those values
decrease further along the shaft [32].

Based on the introduced theory, the students developed a deployable
system that was inspired by the pigeon’s wing considering the mechanics
described earlier. Since, according to beam theory, the highest loads and
bending occur at the point where the feather shaft penetrates the wing’s
skin, the students decided to arrange the bases of each beam in a central point
that can be reinforced mechanically for stability as shown in the prototype
image in Fig. 7.7B. Furthermore, the students proposed a geometry that al-
lows the single “feathers” of the system to snap into place as illustrated in the
cross-sectional drawing in Fig. 7.7A. This principle was inspired by the
feather rotation in between down- and upstroke of various birds’ wings.
During upstroke, the primary feathers are usually rotated to provide slits
in between feathers, which reduce resistance during upstrokes since the
air can simply pass through the wing. During downstroke, however, the pri-
mary feathers rotate to form a compact wing surface by locking the feathers
together using “hooklets” located at the vanes of each feather [33]. Since the
loads during downstroke are applied to the undersurface of the wing, the
students decided to invert the folding wing shape as shown in Fig. 7.7B.

Due to the expansive examples of folding in nature and the minimal time-
scale of course work, the students focused on models that could tangibly be
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prototyped. Throughout the basic testing, the students realized that more me-
chanical and structural testing would be necessary to evaluate the proposed
design solutions. Therefore, the presented work can only be seen as a glimpse
into the possibility of multifunctional designs for the introduced task.

7.3.2.4 Alternative design suggestions
Beyond designs that were inspired by biological systems, the students also
tried to develop more straightforward engineering solutions allowing for a
surface enlargement of the ROCKY as illustrated in Fig. 7.8. In this design,
the two extended sides at the top of the box, shown in Fig. 7.8B, are con-
nected with a metal bar that can be moved along a vertical rail and extend
the top surface. This is done by deploying the side wings via the two bars,
slider and hinge joints. However, due to the limited space on the sides of
the box within the Orion capsule, in addition to the fact that reaching
the connecting bar is difficult when the side wings are not deployed, this
design was not pursued to next stages. Instead, a simple mechanism was
used where two plates slide on the top surface to the sides to extend the

Figure 7.7 (A) The proposed design concept for and deployable structure for surface
enlargement of the ROCKY inspired by the pigeon’s wing, and including ideas for an
inclined surface for more efficient use of space in the capsule, and (B) the final proto-
type of the proposed mechanism created by the students for illustration. ROCKY, Resis-
tive Overload Combined with Kinetic Yo-Yo.
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usable exercise platform as illustrated in Fig. 7.8C. A latch mechanism can be
also added along the sliding rail to implement certain extension options for
different individuals and exercises.

7.3.3 Hook and loop fastener shoes for increased exercise
adhesion

Material studies of different types of VELCRO� or (generically named) hook
and loop fastener(s) (HALF(s)) show that these strips, when attached to each
other, are able towithstandhighmagnitudesof shear and lateral shear forceswhile
lower peel strength values have been measured [34]. By implementing, for
example, heavy-duty HALFs on the outsole of exercise shoes and on the top
surface of an exercise platform, the required attachment of the feet to the surface
can be accomplished. For changing the position of the feet or for detaching the
feet after the end of exercises, a regular walking pattern would provide the
peeling condition, which detaches the feet from the exercise platform.

It should be mentioned that further experimental studies on attachment
and detachment would have to be performed to calculate the exact forces
that the attachment HALF will experience during different exercises. To
provide the required resistance against the detachment of the feet from
the exercise platform, the HALF structure could be modified accordingly
by increasing surface area by, for example, adding further HALF straps.
Furthermore, the same system could be implemented in other applications
such as kneepads or gloves to enable a wider range of exercises in a non-
standing position. Fig. 7.9 shows a possible design of a HALF shoe attaching
an astronaut to an exercise box under zero- (or micro-) gravity conditions.

Figure 7.8 This design proposal takes on conventional mechanical solutions to surface
increase (A) clapping mechanism, (B) detail of the hinge, and (C) sliding mechanism
with rails.

198 Petra Gruber et al.



7.3.4 Exercise program
An enlarged surface area of the ROCKY in combination with an adequate
attachment mechanism of the astronaut to the device would allow for a
wider range of exercises. The students developed an extended exercise pro-
gram and specific exercise sheets that would guide the astronaut through
personalized workout routines. Fig. 7.10 shows such an example of an ex-
ercise sheet.

7.4 Biomimetic improvements to ropes and cables

The following section explores the biological models to improve
ropes and cables. Themes investigated include common system weaknesses
or failures in rope and cable utility that were identified as potential avenues
to improve overall system functionality. These include catastrophic fraying
and internal tearing of ropes. Overall aim was to prolong the life duration
of the rope or cable, and explore ways to eliminate having to replace the
entire element. As a result, the group identified multiple avenues that war-
ranted further investigation of the biological models, such as hierarchical
structuring of natural fibers, fish fin segmentation, and organisms that use
electroosmosis for lubrication.

Figure 7.9 The proposed design of an exercise shoe with a Velcro covered sole to atta-
ch the astronaut to the ROCKY surface during exercise under zero gravity conditions.
ROCKY, Resistive Overload Combined with Kinetic Yo-Yo.
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7.4.1 Biological model refinement
To improve the durability of exercise ropes and cables, the students created
an initial mind map considering a broad range of functions as well as biolog-
ical role models and structures. Based on that overview, four main avenues
narrowed down the search: segmentation of ropes, hierarchical structuring
of ropes, friction reduction by pulley lubrication, and abrasion reduction
of ropes. Fig. 7.11 shows the initial mind map the students created before
focusing on the four main avenues. For the initial search, students used da-
tabases and search tools such as AskNature.org [23] or Web of Science [24].

Figure 7.10 Example of an exercise sheet of a “curl to squat to press” exercise where,
for illustration purposes, an elastic band was used instead of the actual ROCKY handle.
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7.4.2 Fish fineinspired modular rope design
Segmentation is common in biological organisms, and many taxa such as ar-
thropods and annelids exhibit this property [35,36]. While segmentation is
the general principle, the mechanisms each organism employs may differ
greatly [36]. Therefore, the class explored multiple types of segmentation,
including human spines, fish fins, and earthworms. Fish fin segmentation,
for example, allows for locomotor deformations and therefore provides a
promising role model for further exploration to inspire flexible, modular,
and robust rope design. Specifically, the students studied the bluegill sunfish,
which is a model for fish fin locomotor deformations [37e39]. The bone
contact angle of 55 degrees allows the fin to bend in each direction (see
Fig. 7.12). Due to the contact angle, the fin can bend 360� within seven seg-
ments [37]. Furthermore, bluegill fin bone segments are joined by connec-
tive elastic tissue [40e42].

Segmentation of ropes would allow the user to replace only the damaged
parts, diminishing the need to carry entire exercise ropes in the payload,

Figure 7.11 The students’ initial mind map with a list of functions for potential optimi-
zation of ropes and cable connected to biological role models and structures of interest.
The terms highlighted in color were considered for further investigation, but not all of
them reached a stage of maturity to be presented in the following chapter.
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reducing the weight of spare equipment and associated costs. The group
explored the concept of modularity in nature so that only the damaged
part of the rope could be replaced. An additional objective was to look at
the multifunctionality of the rope, with the possibility of extending or short-
ening the rope according to its intended purpose, without compromising its
structural integrity.

Using the design of the bluegill sunfish fins, a rope could be designed that
would be modular and flexible to wrap around a pulley, which is one of
NASA’s design requirements. Inspired by the flexible design of fish fins, a
concept was developed for a rope that connects small segments to form
a long chain. As a model, the class 3D-printed “fish fin” segments with a
55 degrees angle, with a ball and socket connector joint. Inspired by the
elastic connective tissue that connects the bone segments of the fin, the stu-
dents proposed to use a rubber band to internally connect each segment of
the modular rope as illustrated in Fig. 7.12B.

7.4.3 Hierarchical structuring of ropes
Hierarchical structures are a common property in organisms and can be
found in biological materials and elements such as natural fiber structures,
bones, and glass sponges [43]. Common natural fiber structures have three
fiber cell walls with lumens connected by middle lamellae. Each natural fiber
cross section has a different size and configuration of cell wall and lumen size
[44]. Based on the different lumen and cell wall arrangement, tensile

Figure 7.12 (A) Anatomy of the segmented fins of the bluegill sunfish, (B) a 3D model
of the proposed segmented rope design as well as a 3D-printed prototype, and (C) a 3D
model of the proposed rope used in an application. (A) Adapted from B.E. Flammang, S.
Alben, P.G.A. Madden, G.V. Lauder, Functional morphology of the fin rays of teleost fishes:
functional morphology of fish fin rays, J. Morphol. 274 (9) (September 2013) 1044e1059,
Copyright Wiley 2013.

202 Petra Gruber et al.



strength and stress to strain values differ [44e46]. Although course duration
was not long enough for any analysis of the strength and mechanical prop-
erties of natural fiber structures, the students did explore various cell wall-to-
lumen ratio design concepts for further research.

When the microfibril angle (MFA) of wood is discussed in literature, it
specifically refers to the angle of microfibrils in the secondary cell wall layer
(S2), which has substantial influence on the strength and mechanical prop-
erties. Density and MFA are key indicators of strength and stiffness, respec-
tively [47,48]. Mechanical and structural tradeoffs, as well as various natural
fiber and synthetic composite ropes, should all be considered for future
research.

7.4.4 Sandfish-inspired abrasion reduction of ropes
The common sandfish (Scincus scincus) is a species of skink found in North
Africa and the Arabian Peninsula. The sandfish is known for its ability to
essentially “swim” in desert sands due to its significant resistance to wear
and bodily injury [49e51]. The sandfish skink exhibits a low friction coef-
ficient to sand relative to other reptiles and engineered materials. Friction
coefficient is characterized by measuring the friction angle, defined as the
angle at which the sand begins to slide off from an inclined surface. The fric-
tion angle for sandfish epidermis isw21 degrees, while the friction angle for
other reptiles such as the colubrid (Pantherophis guttatus) epidermis is 36 de-
grees; human-made materials such as Teflon (36 degrees), glass (28 degrees),
and steel (25 degrees) exhibit higher angles; the sandfish is superior in its abil-
ity to cast sand off its epidermis [51].

Baumgartner et al. determined that there is little to no micro- or nano-
structure on the dorsal, ventral, or lateral scales suggesting that the remark-
able ability is not structural, unlike most other reptiles [51]. Rather, the
chemical composition of the sandfish scales is key to its remarkable ability
to swim through sand. The scales are composed of high-sulfur glycosylated
b-keratins, with no inorganic compounds. Deglycosylation of the b-keratin
proteins showed increased friction angle and the presence of interaction
forces between the AFM tip and the scale, suggesting that the glycosylation
is key to the low friction behavior of the sandfish [51]. Therefore, adding a
glycosylated b-keratin coating with high sulfur content shows potential to
be beneficial as an antiabrasive coating for rope, especially in key areas of
the rope such as the length that interacts with the pulley or flywheel mech-
anism that exhibits significant degradation through abrasion.
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7.4.5 Pulley lubrication using electroosmosis
Soil creatures such as earthworms and dung beetles make use of a process
called electroosmosis, which creates a bioelectric potential between the an-
imal’s skin and the surrounding moist soil. The bioelectric potential causes
water molecules to form a microthin lubrication layer on the animal’s sur-
face, which reduces soileskin adhesion and friction allowing the animal
to move smoothly through the soil [52].

There are two kinds of bioelectric potentials found in animals: the resting
and the action potential. The resting potential is the potential existing be-
tween the inside and outside of an animal’s cell membrane when the animal
is stationary. When moving, an additional action potential between the
excited and the resting part of the cell forms. This action potential is only
of short duration but larger than the resting potential of the membrane
[52]. In earthworms, the resting potential is zero with respect to the earth,
while a negative potential with a maximum amplitude of 40 mV can be
measured when the animal is moving [53,54].

This microscopic electroosmotic system, which is formed between the
stimulated and neighboring body parts, causes the attraction of water.
Even though the action potential is small, an electroosmotic effect can be
observed based on the short distance between negative and positive poles.
Water always tends to migrate from the positive to the negative pole;
thus, a microthin layer of water is coating the skin of the earthworm’s mov-
ing body parts due to its negative surface charge. In earthworms, the positive
and negative poles are usually on the segments next to each other, and water
molecules are dynamically distributed by the moving action potential of the
animal’s body surface as illustrated in Fig. 7.13A [52e54].

For example, bulldozer blades have been designed that incorporate prin-
ciples of electroosmosis as seen in soil-dwelling creatures to reduce soil sur-
face adhesion while digging; the design principle of these biomimetic
bulldozer blades is shown in Fig. 7.13B [53]. The design proposes an
arrangement of positive and negative poles in a pattern that allows them
to be in short distance to each other. The tested bulldozer blade prototypes
had a length of 300 mm and a width of 150 mm, while the chosen ratio of
the area of the positive to the negative pole was 1:7.3; the applied voltage
tested was set to 12 V. While conventional blades tested under same condi-
tions showed that soil stuck to their surface, no soil or only little soil stuck to
the surface of the biomimetic bulldozer prototype, which reduced their
resistance up to 32% while digging [54].
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The introduced design suggests that the lower resistance is due to the reduc-
tion of soil adhesion on the bulldozer blade, which is based on surface lubrica-
tion by the attraction of water due to the electroosmotic system of alternating
positive and negative poles. This principlemay verywell be applicable to a new
design of a pulley system that uses a water-based lubricant to reduce rope abra-
sion. Especially under zero-gravity conditions, it would be crucial that the
lubrication layer is being immobilized on the surface of the pulley. The attrac-
tion of water to the pulley’s surface by electric charge may be a possibility to
solve that challenge. Due to the complexity of the introduced system and the
limited timeframe of the semester, the students were not able to develop a
prototype for testing. However, the theoretical exploration of the introduced
principle provides opportunities for future investigations.

7.5 Conclusions and future work

Human spaceflight relies on effective exercise countermeasures, which
meet both physiological and vehicle requirements. The vehicles developed
for deep space missions such as Orion impose requirements on exercise

Figure 7.13 (A) Visualization of the dynamic movement of water along an
electroosmotic system and (B) the design of an electroosmotic system for a bulldozer
blade. Adapted from L.-Q. Ren, J. Tong, J.-Q. Li, B.-C. Chen, Soil adhesion and biomimetics
of soil-engaging components: a review, J. Agric. Eng. Res. 79 (3) (June 2001) 239e263,
Copyright Elsevier 2001.
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hardware to be very reliable and effective and occupy a small footprint
within the vehicle. In this Biomimetic Design Applications challenge,
NASA offered the students a real-world design challenge to find biomimetic
model concepts to exercise device to crew interfaces, minimize the volume
occupied by the equipment, and extend the life cycle of wear items. As a
result, the class explored the functional aspects of multiple biological models
to abstract and apply to existing NASA exercise equipment challenges.

While numerous biological models were pursued, many were ultimately
excluded as potential avenues of further exploration, and the models that
showed meaningful promise for further analysis for their prospective appli-
cations in NASA exercise equipment were summarized in this chapter.
Various folding mechanisms in nature were explored to inspire novel designs
for a lightweight and space-saving mechanism for surface enlargement of the
exercise equipment, which would allow for a larger variety of exercises to be
performed by the astronauts. Furthermore, in the realm of improving life-
time of wear items such as ropes in exercise equipment, the chemical prop-
erties of sandfish skink scales for improved resistance to rope abrasion,
natural fiber hierarchical structures for ropes, fish finelike segmented struc-
tures for modularity in design, and electroosmosis for pulley lubrication are
all examples that were explored that would merit further research regarding
improvements for zero-gravity exercise devices.

Acknowledgments
The authors acknowledge the contributions of the students, who also took part in the design
course: Sara Oliveira Pedro Dos Santos, Amanda Pinheiro, Sarah McInerney, Sayed Cyrus
Rezvanifar, and Ruwani Kiringoda, and they thank ZIN technologies for hosting a site visit.

References
[1] https://biomimicry.org/what-is-biomimicry/. (Accessed 23 September 2020).
[2] A. Roberts (Ed.), Bulletproof Feathers: How Science Uses Nature’s Secrets to Design

Cutting-Edge Technology, University of Chicago Press, Chicago, IL USA, 2010.
[3] M. Drack, M. Limpinsel, G. de Bruyn, J.H. Nebelsick, O. Betz, Towards a theoretical

clarification of biomimetics using conceptual tools from engineering design, Bio-
inspiration Biomimetics 13 (1) ( January 2018) 016007, https://doi.org/10.1088/
1748-3190/aa967c.

[4] https://www.uakron.edu/bric/. (Accessed 23 September 2020).
[5] A. LeBlanc, V. Schneider, L. Shackelford, S. West, V. Oganov, A. Bakulin,

L. Voronin, Bone mineral and lean tissue loss after long duration space flight,
J. Musculoskelet. Neuronal Interact. 1 (2) (Dec. 2000) 157e160.

[6] J. Iwamoto, T. Takeda, Y. Sato, Interventions to prevent bone loss in astronauts during
space flight, Keio J. Med. 54 (2) ( June 2005) 55e59.

[7] R. Gopalakrishnan, K.O. Genc, A.J. Rice, S.M.C. Lee, H.J. Evans, C.C. Maender,
H. Ilaslan, P.R. Cavanagh, Muscle volume, strength, endurance, and exercise loads

206 Petra Gruber et al.

https://biomimicry.org/what-is-biomimicry/
https://doi.org/10.1088/1748-3190/aa967c
https://doi.org/10.1088/1748-3190/aa967c
https://www.uakron.edu/bric/


during 6-month missions in space, Aviat. Space Environ. Med. 81 (1) (January 2010)
91e104.

[8] A. LeBlanc, C. Lin, L. Shackelford, V. Sinitsyn, H. Evans, O. Belichenko,
B. Schenkman, I. Kozlovskaya, V. Oganov, A. Bakulin, T. Hedrick, D. Feeback, Mus-
cle volume, MRI relaxation times (T2), and body composition after spaceflight,
J. Appl. Physiol. 89 (6) (December 2000) 2158e2164.

[9] S. Trappe, D. Costill, P. Gallagher, A. Creer, J.R. Peters, H. Evans, D.A. Riley,
R.H. Fitts, Exercise in space: human skeletal muscle after 6 months aboard the Inter-
national Space Station, J. Appl. Physiol. 106 (4) (April 2009) 1159e1168.

[10] H. Akima, Y. Kawakami, K. Kubo, C. Sekiguchi, H. Ohshima, A. Miyamoto,
T. Fukunaga, Effect of short-duration spaceflight on thigh and leg muscle volume,
Med. Sci. Sports Exerc. 32 (10) (October 2000) 1743e1747.

[11] A. LeBlanc, R. Rowe, V. Schneider, H. Evans, T. Hedrick, Regional muscle loss after
short duration spaceflight, Aviat. Space Environ. Med. 66 (12) (December 1995)
1151e1154.

[12] M. Narici, B. Kayer, P. Barattini, P. Cerretelli, Changes in electrically evoked skeletal
muscle contractions during 17-day spaceflight and bed rest, Int. J. Sports Med. 18 (4)
(May 1997) 290e292.

[13] P.A. Tesch, H.E. Berg, D. Bring, H.J. Evans, A.D. LeBlanc, Effects of 17-day space-
flight on knee extensor muscle function and size, Eur. J. Appl. Physiol. 93 (4) ( January
2005) 463e468.

[14] V.A. Convertino, Exercise as a countermeasure for physiological adaptation to pro-
longed spaceflight, Med. Sci. Sports Exerc. 28 (8) (August 1996) 999e1014.

[15] A. Pavy-Le Traon, M. Heer, M.V. Narici, J. Rittweger, J. Vernikos, From space to
Earth: advances in human physiology from 20 years of bed rest studies
(1986e2006), Eur. J. Appl. Physiol. 101 (2) (September 2007) 143e194.

[16] S.M. Smith, S.R. Zwart, M. Heer, S.M.C. Lee, N. Baecker, S. Meuche, B.R. Macias,
L.C. Shackelford, S. Schneider, A.R. Hargens, WISE-2005: supine treadmill exercise
within lower body negative pressure and flywheel resistive exercise as a countermea-
sure to bed rest-induced bone loss in women during 60-day simulated microgravity,
Bone 42 (3) (March 2008) 572e581.

[17] https://www.nasa.gov/feature/exercise-device-for-orion-to-pack-powerful-punch.
(Accessed 25 September 2020).

[18] https://www.nasa.gov/content/journey-to-mars-overview. (Accessed 25 September
2020).

[19] P. Comfort, P. Kasim, Optimizing squat technique, Strength Cond. J. 29 (6)
(December 2007) 10e13.

[20] I. Kingma, T. Bosch, L. Bruins, J. van Dieën, Foot positioning instruction, initial ver-
tical load position and lifting technique: effects on low back loading, Ergonomics 47
(13) (October 2004) 1365e1385.

[21] C. Moore, R. Svetlik, A. Williams, Practical applications of cables and ropes in the ISS
countermeasures system, in: 2017 IEEE Aerospace Conference, Big Sky, MT, March
4-11, 2017, pp. 1e15, https://doi.org/10.1109/AERO.2017.7943700.

[22] https://www.nasa.gov/centers/marshall/news/background/facts/astp.html. (Accessed
25 September 2020).

[23] https://asknature.org/. (Accessed 25 September 2020).
[24] https://clarivate.com/webofsciencegroup/solutions/web-of-science/. (Accessed 25

September 2020).
[25] Q. Zhang, X. Yang, P. Li, G. Huang, S. Feng, C. Shen, B. Han, X. Zhang, F. Jin,

F. Xu, T.J. Lu, Bioinspired engineering of honeycomb structure e using nature to
inspire human innovation, Prog. Mater. Sci. 74 (October 2015) 332e400.

Biomimetic course design exploration for improved NASA zero gravity exercise equipment 207

https://www.nasa.gov/feature/exercise-device-for-orion-to-pack-powerful-punch
https://www.nasa.gov/content/journey-to-mars-overview
https://doi.org/10.1109/AERO.2017.7943700
https://www.nasa.gov/centers/marshall/news/background/facts/astp.html
https://asknature.org/
https://clarivate.com/webofsciencegroup/solutions/web-of-science/


[26] J. Pflug, I. Verpoest, D. Vandepitte, Folded honeycomb cardboard and core material
for structural applications, September 5-7, 2000, Zurich, Switzerland, in: H.-
R. Meyer-Piening, D. Zenkert (Eds.), Proceedings of the 5th Sandwich Construction
Conference, EMAS Publishers, Solihull, UK, 2000, pp. 361e372.

[27] N.Z.M. Zaid, M.R.M. Rejab, N.A. Mohamed, Sandwich structure based on
corrugated-core: a review, in: S.A. Che Ghani, A. Alias, R. Mamat, M.M. Rahman
(Eds.), Proceedings of the 3rd International Conference on Mechanical Engineering
Research (ICMER 2015), August 18-19, 2015, Pahang, Malaysia, MATEC Web
Conf, vol. 74, August 2016, p. 00029, 6 pp.

[28] F.J. Martínez-Martín, A.P. Thrall, Honeycomb core sandwich panels for origami-
inspired deployable shelters: multi-objective optimization for minimum weight and
maximum energy efficiency, Eng. Struct. 69 (June 2014) 158e167.

[29] Y. Klett, K. Drechsler, Designing technical tessellations, in: P. Wang-Iverson,
R.J. Lang, M. Yim (Eds.), Origami 5: Fifth International Meeting of Origami Science,
Mathematics, and Education, CRC Press, Boca Raton, FL USA, 2011, pp. 305e322.

[30] J.F.V. Vincent, Deployable structures in nature: potential for biomimicking, Proc. Inst.
Mech. Eng., Part C J. Mech. Eng. Sci. 214 (1) (January 2000) 1e10.

[31] H. Kobayashi, B. Kresling, J.F.V. Vincent, The geometry of unfolding tree leaves,
Proc. R. Soc. B 265 (1391) (January 1998) 147e154.

[32] P.P. Purslow, J.F.V. Vincent, Mechanical properties of primary feathers from the
pigeon, J. Exp. Biol. 72 (1) (February 1978) 251e260.

[33] R. Dvo�r�ak, Aerodynamics of bird flight, EFM15 e experimental fluid mechanics
2015, in: EPJ Web of Conferences, vol. 114, March 2016, p. 01001, https://
doi.org/10.1051/epjconf/201611401001.

[34] D.L. Bader, M.J. Pearcy, Material properties of Velcro fastenings, Prosthet. Orthot. Int.
6 (2) (August 1982) 93e96.

[35] R.L. Hannibal, N.H. Patel, What is a segment? EvoDevo 4 (December 2013) 35.
[36] A. Minelli, Evo-devo perspectives on segmentation: model organisms, and beyond,

Trends Ecol. Evol. 19 (8) (August 2004) 423e429.
[37] B.E. Flammang, S. Alben, P.G.A. Madden, G.V. Lauder, Functional morphology of

the fin rays of teleost fishes: functional morphology of fish fin rays, J. Morphol. 274
(9) (September 2013) 1044e1059.

[38] E.D. Tytell, G.V. Lauder, Hydrodynamics of the escape response in bluegill sunfish,
Lepomis macrochirus, J. Exp. Biol. 211 (21) (November 2008) 3359e3369.

[39] E.M. Standen, Dorsal and anal fin function in bluegill sunfish Lepomis macrochirus:
three-dimensional kinematics during propulsion and maneuvering, J. Exp. Biol. 208
(14) (July 2005) 2753e2763.

[40] P.J. Geerlink, The anatomy of the pectoral fin in Sarotherodon niloticus trewavas*
(Cichlidae), Neth. J. Zool. 29 (1) (January 1978) 9e32.

[41] J.J. Videler, P.J. Geerlink, The relation between structure and bending properties of
teleost fin rays, Neth. J. Zool. 37 (1) (January 1986) 59e80.

[42] G.V. Lauder, P.G.A. Madden, R. Mittal, H. Dong, M. Bozkurttas, Locomotion with
flexible propulsors: I. Experimental analysis of pectoral fin swimming in sunfish, Bio-
inspiration Biomimetics 1 (December 2006) S25eS34.

[43] P. Fratzl, R. Weinkamer, Nature’s hierarchical materials, Prog. Mater. Sci. 52 (8)
(November 2007) 1263e1334.

[44] M.E. Alves Fidelis, T.V.C. Pereira, O.F.M. Gomes, F.A. Silva, R.D. Toledo Filho,
The effect of fiber morphology on the tensile strength of natural fibers, J. Mater.
Res. Technol. 2 (2) (April-June 2013) 149e157.

[45] J.P. Torres, L.-J. Vandi, M. Veidt, M.T. Heiztmann, Statistical data for the tensile
properties of natural fibre composites, Data Brief 12 (June 2017) 222e226.

208 Petra Gruber et al.

https://doi.org/10.1051/epjconf/201611401001
https://doi.org/10.1051/epjconf/201611401001


[46] C. Ververis, K. Georghiou, N. Christodoulakis, P. Santas, R. Santas, Fiber dimensions,
lignin and cellulose content of various plant materials and their suitability for paper
production, Ind. Crops Prod. 19 (3) (May 2004) 245e254.

[47] T.A. Tabet, F.A. Aziz, Cellulose microfibril angle in wood and its dynamic mechanical
significance, in: M. Poletto (Ed.), Cellulose - Fundamental Aspects and Current
Trends, InTechOpen, London, UK, 2015, pp. 113e142.

[48] A. Reiterer, H. Lichtenegger, P. Fratzl, S.E. Stanzl-Tschegg, Deformation and energy
absorption of wood cell walls with different nanostructure under tensile loading,
J. Mater. Sci. 36 (19) (October 2001) 4681e4686.

[49] C. Greiner, M. Sch€afer, Bio-inspired scale-like surface textures and their tribological
properties, Bioinspiration Biomimetics 10 (4) (June 2015) 044001.

[50] R.A. Singh, E.-S. Yoon, Biomimetics in tribology - recent developments, J. Korean
Phys. Soc. 52 (3) (March 2008) 656e668.

[51] W. Baumgartner, F. Saxe, A. Weth, D. Hajas, D. Sigumonrong, J. Emmerlich,
M. Singheiser, W. Böhme, J.M. Schneider, The sandfish’s skin: morphology, chemis-
try and reconstruction, J. Bionic Eng. 4 (1) (March 2007) 1e9.

[52] Y.Y. Yan, J.B. Hull, L. Ren, J. Li, Electro-osmotically driven flow near a soil animal
body surface and biomimetics, in: Proceedings of the Institute of Physics Conference,
Microscopy of Semiconducting Materials 2003, Cambridge, UK, March 31, 2003 -
April 3, 2003, vol. 180, 2003, pp. 217e225.

[53] L.-Q. Ren, J. Tong, J.-Q. Li, B.-C. Chen, Soil adhesion and biomimetics of soil-
engaging components: a review, J. Agric. Eng. Res. 79 (3) (June 2001) 239e263.

[54] Y.Y. Yan, L. Ren, J. Li, The electro-osmotically driven flow near an earthworms’s
body surface and the inspired bionic design in engineering, Int. J. Des. Nat. Ecodyn.
1 (2) (June 2006) 135e145.

Biomimetic course design exploration for improved NASA zero gravity exercise equipment 209



This page intentionally left blank



CHAPTER EIGHT

Biomimetics of boxfish:
Designing an aerodynamically
efficient passenger car
Harun Chowdhury, Bavin Loganathan
ABScube Engineering & Education Services Pty ltd, Melbourne, VIC, Australia

8.1 Introduction

The gasoline-powered automobile (or car) was first invented and
commercialized in the 1880s with a very basic configuration as shown in
Fig. 8.1A. The speeds of those cars were also limited. The traditional
box-shaped passenger cars were first introduced in the 1920s with the en-
gine, passenger, and cargo spaces as shown in Fig. 8.1B. With the develop-
ment of more efficient engines, the speed of the car also increased
significantly. As a result, automobiles became more streamlined in the
1960e70s as aerodynamics became a dominant factor in reducing fuel con-
sumption especially during the 1973e74 oil embargo by OPEC [1]. A 1966
model of Toyota Corolla is shown in Fig. 8.1C.

The configuration of a car body is typically determined by the layout of
the engine, passenger, and luggage volumes, which can be shared or sepa-
rately articulated. A key design feature is the car’s roof supporting pillars,
described from front to rear of the car as A-pillar, B-pillar, and C-pillar.
Common car body configurations are one-box (e.g., a van, minivan,
MPV), two-box (e.g., a hatchback), and three-box (e.g., a sedan/saloon)
designs as shown in Fig. 8.2.

Figure 8.1 Evolution of passenger car body shape.
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The aerodynamic efficiency indicator (drag coefficient) started to fall from
around 0.60 for a typical passenger car in the 1960s to 0.40 in the late 1970s and
to 0.28 in 2012. With the invention of the new engine and drive technology,
car speeds increased significantly over time. In recent times, the average speed
limit is over 100 km/h on the freeway, and it is around 80 km/h on the city
road. Further drag reduction in passenger cars is hard to achieve using current
streamlined body shapes. A slight reduction in drag coefficient is still possible if
smooth underbody, smart wheel, reduced wheel wells, and convoy driving
(platooning)1 are used. However, the smooth underbody, wheels, and wheel
arches deteriorate vehicle cooling performance [1]. Therefore, an alternative
body shape with a lower drag coefficient is paramount. The desire to improve
the current body shapes has led some researchers into looking at nature for
their solutions. Engineering design inspired by natural flora and fauna is called
biomimetics [2]. Biomimetics (or This approach) has been inspiring engineers,
scientists, and designers to create many of our greatest inventions from sky-
scrapers to simple household products [3,4]. Some of the examples of success-
ful biomimetics are shown in Table 8.1 [5e16].

The unique characteristics of shark skin and butterfly wings have led to
the innovation of smart fabrics that can reduce surface drag, enhance ultra-
violet radiation protection, display emotion, function as touch-sensitive fab-
ric, increase the breathability of clothes, and function as camouflage or
thermomechanical sensing clothes [17,18]. The surface of the Namib beetle
with its unique characteristics of hydrophilia (water-attracting) was
mimicked to design and improve dehumidification equipment [6]. De-
signers have also mimicked the flexible scale arrangements of the pangolin
to design a structure that can withstand the fluctuations in pressure forces
[6]. The ability of a dragonfly to glide in a highly turbulent and low wind
speeds field has inspired researchers to replicate its corrugated wings to

Figure 8.2 Car body and pillar configurations. Adapted from Z. Yuan, Y. Wang, Effect of
underbody structure on aerodynamic drag and optimization. J. Meas. Eng. 5 (3) (2017)
194e204.

1 https://en.wikipedia.org/wiki/Platoon_(automobile).
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Table 8.1 Biomimetic engineering examples.
SN Biological object Biomimicking parameter Engineering design Text Reference(s)

1 Lotus leaf Superhydrophobic
surface

Nonsticky/waterproof
paintdSto’s Lotusan paint

[5,6]

2 Dolphin Aerodynamic shapes Aeroplane [7]
3 Shark skin Surface roughness Swimsuit [8]
4 Kingfisher Shape High speed rail [9]
5 Marine creatures Shape Submarine concepts [10]
6 Humpback whales Flippers Wind turbine blades [11]
7 Namibian desert beetle Surface of the beetle To clear fog from airport

runways improve
dehumidification
equipment

[12]

8 Pangolin Flexible scale
arrangement-pressure
fluctuation

Structure [13]

9 Dragonfly Corrugated wings Gliding capability [14]
10 Butterflies Wings Reflects lightdMirasal e-

reader
[15]

11 Boxfish External shape Energy efficient passenger car [16]
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design wind turbine blades that are capable of rotating at low wind speeds
typically experienced in urban areas [14]. The unique properties of a lotus
with superhydrophobic surface have inspired researchers like Prof. Barthlott
who discovered the lotus effect [19] to commercialize his discovery to create
Lotusan [20]. The Lotusan façade paint that is made up of filler materials that
mimic the surface of a lotus leaf prevents dew, rain, and fog from sticking to
the surface [21].

The natural evolution of the body shapes of dolphins, kingfisher beaks,
and sperm whales have created ways to reduce hydrodynamic resistance
(drag) in their motion in fluid [4,22]. Recently, Airbus revealed one of their
passenger aircraft models designed by mimicking a dolphin body shape as
shown in Fig. 8.3A. Similarly, a high-speed passenger train and the under-
water military submarine were designed by mimicry of a kingfisher’s beak
and sperm whale as shown in Fig. 8.3. Currently, the body shape of sharks,
boxfishes, dolphins, and tunas have drawn a significant interest of scientific
communities by mimicking their shapes to increase aero/hydrodynamic ef-
ficiency of surface and underwater vehicles [23].

The reduction of aero/hydrodynamic drag is one of the important issues
to reduce fuel consumption [24,25]. Wind tunnel tests conducted by Fish
et al. (2011) showed that the tubercles along the leading edge of humpback
whales help reduce drag by 32% [26]. The tubercles generated vortices that
were found to delay the boundary layer separation, which enhanced the hy-
drodynamic performances.

The reduction of aero/hydrodynamic drag of bluff-body shapes involves
the reduction of the frontal area. This is very commonly seen in fish, as they

Figure 8.3 Examples of biomimetic engineering application: on air, on surface, and un-
der water.
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tend to generally be long and slim, which reduces the pressure drag [23].
They also have unique skin surfaces to reduce the associated skin friction
[27,28]. Such geometries are, however, not of much use for mimicking in
vehicle aerodynamics. However, this does not apply to all species; in fact,
many species in theOstraciidae fish family have very unique body geometries.
The sutured interface of the boxfish carapace has been previously studied
due to its elevated strength [29].

Despite having an unusual appearance, the boxfish is considered to have
lower drag coefficient than dolphins and penguins. Boxfish are of special in-
terest in this study due to their rigid body and their unique ability to utilize
small recoil movements to maneuver themselves [30]. Studies by Bartol et al.
also showed that boxfish can generate self-correcting forces for pitching mo-
tion, which is advantageous for highly variable velocity fields that are typi-
cally experienced on roads [30]. Computational fluid dynamics (CFD)
studies by Van Wassenbergh et al. showed that boxfish have enhanced
maneuverability, which is more suited to mimic automobile body shapes;
they reported a drag coefficient of 0.27 for the Ostraciidae cubicus (boxfish)
[31]. The spotted yellow boxfish is shown in Fig. 8.4, adapted from Australian
Fisheries Management Authority (AFMA) [32].

This unique characteristic of boxfish inspired engineers at Mercedes-
Benz to create a bionic concept car in 2005. Mercedes-Benz reported a
drag coefficient of 0.19 [33]. Previous studies on a simplified boxfish model
conducted by Kozlov et al. [34] and Chowdhury et al. [16] showed the drag
coefficient of a simplified boxfish model was 0.24. However, scant informa-
tion is currently available in the public domain on boxfish passenger car
aerodynamics except from the initial studies by Mercedes-Benz Bionic
concept car in 2005. Therefore, the main objective of this study is to
investigate the aerodynamic features of a boxfish body shape using both
experimental and computational methods and design a one-box configura-
tion passenger car by mimicry of the boxfish body shape to improve aero-
dynamic efficiency.

Figure 8.4 Different views of a spotted yellow boxfish summing underwater.
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8.2 Methodology

The detailed flowchart of a biomimetic design process is shown in
Fig. 8.5. This process starts with the determination of the design objectives.
For example, in this study, the objective is to design a one-box body config-
uration passenger car. The proposed design takes into consideration its energy
efficiency, relatively pleasant esthetics while making it a family-friendly city car.

8.2.1 Biomimetic design process
The selection of a suitable biological species is essential based on the require-
ment of the design goal. The yellow boxfish species has been selected for
biomimetics due to its simple box geometry shape, which resembles a com-
mon passenger vehicle. A detailed study must then be performed to identify
the mimicking parameters that will be implemented onto the designed car
model. Computer modeling software and CFD are used to further optimize
the design. Finally, the optimal design is manufactured using rapid prototyp-
ing technology such as computer numerical controlled machining and addi-
tive manufacturing (three-dimensional (3D) printing). Further testing and
improvement in the design are conducted in the real world to achieve the
required goal. Initial aerodynamic study on the yellow boxfish indicated
that several geometric features of species can provide aerodynamic efficiency
by reducing the drag despite having a larger frontal area.

8.2.2 Aerodynamics of a yellow boxfish
8.2.2.1 Simplified boxfish model
A yellow boxfish was initially collected from the sea. It was then solidified
and 3D-scanned to obtain the body dimensions. The model was simplified

Figure 8.5 A biomimetic design process.
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by removing all the fins as shown in Fig. 8.6A. A 3Dmodel was then created
using SolidWorks from the 3D scanned measurements. A snapshot of the 3D
model is shown in Fig. 8.6B. The developed 3D computer model of the yel-
low boxfish was then used for both experimental and numerical studies. A
solid experimental model was then manufactured using rapid prototyping
technology. CNC machining technology was applied to obtain higher ac-
curacy for the production process. Styrofoam material was used to produce
the scaled-up model. The model was painted after some finishing operation.
The experimental solid model is shown in Fig. 8.6C.

8.2.2.2 Wind tunnel study
A closed-circuit wind tunnel with a maximum wind speed of approximately
145 km/h was used for this study. The rectangular test section dimensions
are 3 m wide, 2 m high, and 9 m long, and the tunnel’s cross-sectional
area is 6 m2. More details of this wind tunnel can be found in the study
by Chowdhury et al. [16]. The tunnel has 1.8% turbulence intensity to
simulate a real-world environment and specially designed for aerodynamics
testing of full-size passenger car [35]. The tunnel was calibrated prior to con-
ducting the experiments and airspeeds inside the wind tunnel were
measured with a modified National Physical Laboratory (NPL) ellipsoidal
head pitot-static tube (located at the entry of the test section), which was
connected through flexible tubing with the Baratron pressure sensor made
by MKS Instruments, United States.

An experimental force balance system was designed to measure the aero-
dynamic drag of the simplified boxfish model in the wind tunnel. The sche-
matic of the force measurement system is shown in Fig. 8.7. The system
consists of a mounting sting, a load sensor, and supports. The experimental
model is connected to the load sensor through a mounting sting for the force
measurement. The load sensor used in this study is a multiaxis load cell made
by JR3, Inc., United States, with a maximum capacity of 200 N (�0.1% ac-
curacy). The load sensor can measure all three forces (drag, lift, and side
forces) and three moments (yaw, pitch, and roll) simultaneously. The force

Figure 8.6 Model-making process of a simplified boxfish.
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measurement system was calibrated prior to conducting the experiments.
The blockage ratio for all experiments was kept less than 10% by adjusting
the size of the model.

The simplified boxfish model was placed in the middle of the wind tun-
nel test section. The model was placed 250 mm above the wind tunnel floor
to avoid the boundary layer interference during the measurement at
different wind speeds. The measurement was taken over a range of wind
speeds starting from 40 to 100 km/h with an increment of 10 km/h. Each
set of data was recorded for 10 s time average with a frequency of 20 Hz
ensuring electrical interference is minimized. Multiple data sets were
collected at each speed tested, and the results were averaged for minimizing
the further possible errors in the raw experimental data.

The drag forces were converted to nondimensional parameter drag co-
efficient (CD). The aerodynamic drag coefficient (CD) and the Reynolds
number (Re) are defined as

CD ¼ 2D
rV 2A

(8.1)

where D is the drag force (N), r is the density of air (kg/m3), V is the ve-
locity (m/s), and A is the frontal area (m2).

Re¼ rVL
m

(8.2)

where L is the characteristics length (m), for a car, the longitudinal length
from the front to the back of the car is considered as the characteristic length,
and m is the dynamic viscosity of air (kg/m$s). Only drag data are presented

Figure 8.7 (A) Schematic of the experimental setup. (B) Experimental arrangement in
the wind tunnel test section.
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in this study. The lift and side forces and their coefficients were not deter-
mined and presented here.

8.2.3 Biomimetic design of a one-box type car
In this study, a one-box type car was designed by mimicry of a yellow box-
fish. The A-pillar, side curve, corner radius, windscreen, and the roof of the
car were mimicked from the boxfish shape and implemented in the design of
a car to achieve aerodynamic advantage as shown in Fig. 8.8. The designed
car can be considered as a one-box configuration car with a similar frontal
area cross-sectional design to a boxfish. However, the tail section was
designed like a traditional minivan design. The 3D models had to have a
good mix of esthetic and aerodynamic characteristics.

A series of computer-generated 3D model cars were developed by
implementing different parametric values of the boxfish features into the
design cars. Several preliminary 3D car models with different frontal areas,
profiles, and side curvatures were considered for the optimization. CFD
analysis was simultaneously performed on each model for aerodynamic opti-
mization using ANSYS. Detailed CFD analysis methodology has been dis-
cussed in the following section. Finally, the optimal model with minimal
drag coefficient value was identified and manufactured using styrofoam ma-
terial as shown in Fig. 8.9A. The manufactured experimental model was
then tested in the wind tunnel for the evaluation of its aerodynamic effi-
ciency. Fig. 8.9B shows the experimental arrangement in the wind tunnel
test section. The car model was then compared with the same size simplified
boxfish model, which was developed earlier.

8.2.4 Numerical study
A detailed numerical study was performed by CFD analysis based on the
developed 3D computer models. The commercially available fluid simula-
tion software package developed by ANSYS, Inc., United States, was

Figure 8.8 Design of a one-box type car by mimicry of a yellow boxfish.
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used for CFD analysis. FLUENT tool within the ANSYS software package
(version 2020R1) was used for this study. Each model was studied by the
following step-by-step procedures:
• Preparation of 3D model
• Setting up computational domain
• Generating mesh
• Boundary conditions and solver setup
• Postprocessing and result analysis

8.2.4.1 Computational domain
The geometry of the computational domain, a rectangular enclosure, is
shown in Fig. 8.10. The dimensions of the physical domain as a function
of L (the length of the car) are shown in Fig. 8.10. The size of the domain
was chosen to extend one car length (1 L) in front of the car and three car
lengths (3 L) at the rear of the car. The distance behind the model is suffi-
cient to capture the flow separation and wake [36]. The distance from the

Figure 8.9 Wind tunnel testing of the model car.

Figure 8.10 Computational domain (model positioning).
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side of the car to the side walls was also kept as one car length (1 L). To
compare the results of different models, the characteristic length, L, was
kept 1 m for all models used for this study. A similar domain setup was
used in references from other similar studies [37e39].

The blockage ratio is:

Model frontal area
�
m2

�

Cross section area of computational domainðm2Þ¼
1:6
0:1

¼ 16 (8.3)

To analyze the external flow, several studies used the standard k-u shear
stress transport (SST) turbulence scheme [40]. In this study, the standard k-u
SST turbulence scheme was also used to model the flow around the CAD
model. Once the model was incorporated into the idealized wind tunnel
test section in the CFD domain, the wind tunnel atmosphere was modeled
by incorporating the stationary model. For the Reynolds number sensitivity
tests, the wind tunnel environment was halved as seen in Fig. 8.11 due to
symmetry, which allowed much faster simulation times to be achieved, as
well as allowed further local mesh refinement near the simplified boxfish
model. For comparison, the tests were also replicated with full-size wind
tunnel geometry. The wind tunnel model and setup are shown in Fig. 8.11.

8.2.4.2 Meshing
The Poly-Hexacore mesh was used to compute the flow around the car, and
the mesh was generated using fluent meshing. The total number of cells was
around 1,224,175 cells. For a typical car-like shape, pressure or form drag is
dominant over skin friction, so the accuracy of the drag and lift predictions is
largely determined by the accuracy of the predicted static pressure distribu-
tion on the body.

Figure 8.11 Computational domain for CFD analysis.
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The pressure distribution is strongly affected by the locations of flow sep-
aration and reattachment. Therefore, it is important that the surface mesh
resolves all relevant details of the geometry and satisfies the requirements
of the physical models used in the simulation. For high-Reynolds-number
flows such as the flow around vehicles, it is a well-recognized fact that
resolving the near-wall region down to the viscous sublayer is not a practical
option because the number of cells that must be allocated in near-wall re-
gions is prohibitively large. A bounding box was used to provide further
refinement to capture the flow separation and reattachment as shown in
Fig. 8.12. The mesh details are provided in Table 8.2.

8.2.4.3 Boundary conditions and solver setup
Simulations were performed in rectangular section with following boundary
conditions:
• “velocity inlet” at inlet cross-section;
• “pressure-outlet” at the outlet cross section;

Figure 8.12 Hex core mesh with inflation layer.
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• “symmetry” at symmetry plane, top plane, and side plane; and
• “stationary wall” at the bottom.

The rotation of wheels was not simulated in this study. The values of
boundary conditions are shown in Table 8.3. The car, inlet, outlet, symme-
try wall, and walls were set as a wall, velocity inlet set as 40e100 km/h, 0 Pa
with prevent reverse flow. The widely proven SST k�u turbulence was
used to solve the simulation processes. This two-equation eddy-viscosity
model offers advantages for non-equilibrium turbulent boundary layer flows
and provides excellent results on a wide range of flows and near-wall mesh
conditions [40].

8.3 Results and discussion

The variations of drag coefficient (CD) of the simplified boxfish as a
function of Reynolds number (Re) for both wind tunnel and CFD data
are shown in Fig. 8.13. All tests were conducted for inflow velocities of

Table 8.2 Mesh details.
Mesh details Values

Number of cells 1,224,175
Number of nodes 2,107,532
Number of inflation layer 10
Minimum cell size (mm) 4
Maximum cell size (mm) 400
Surface growth rate (%) 1.2

Table 8.3 Domain setup and boundary conditions.
Parameter Parameter details Value

Inlet Velocity magnitude normal to
the boundary (km/h)

40e100

Outlet Gauge pressure magnitude
normal to the boundary (Pa)

0

Side walls Symmetry (no shear) (Pa) 0
Car body wall No slip (Pa) 0
Bottom wall Stationary wall (Pa) 0
Flow condition Steady state (Pa) 0
Fluid properties Fluid type Air

Density (kg/m3) 1.225
Kinematic viscosity (kg/m$s) 1.7894 � 10�5

Model Turbulence specification method K-Omega SST
Solver Pressure based
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40e100 km/h that correspond to the Re from 10 � 106 to 25 � 106. Wind
tunnel data of the simplified boxfish model shows an almost constant CD

value (0.17) within the Re range tested, whereas the CFD results show a
slightly lower value (0.16).

8.3.1 Boxfish aerodynamics
Van Wassenbergh et al. reported the drag coefficient of 0.26 for a spotted
yellow cubicus boxfish [31], whereas Kozlov et al. reported a CD value of
around 0.10 [34]. Data also indicate a slight variation of CD values
throughout the Re range tested in both wind tunnel and CFD. Hence,
the CD is almost independent of Re. There is a slight variation in the mag-
nitudes of CD values between the wind tunnel and CFD. It was noticed that
the wind tunnel values are slightly higher than those of the CFD results. The
cause of the variation may happen as the wind tunnel environment may not
be exactly replicated in the CFD simulation environment. Some other
causes of the slight variations may occur due to differences in the turbulence
intensity and model similarity.

Some of the publicly published drag coefficient values for the sedan,
hatchback, and minivan are shown in Table 8.4. The minivan and the
simplified boxfish model are of the same one-box body configuration

Figure 8.13 Experimental and CFD data for the drag coefficient (CD) as a function of
Reynolds numbers for the simplified boxfish model.
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design, which is like a Toyota HiAce model. The hatchback is a two-box
configuration design and is similar to the Toyota Prius model, while the
sedan is a three-box configuration and is similar to the Holden Commodore
model.

The drag coefficients for the sedan, hatchback, and minivan model are
0.31, 0.29, and 0.36, respectively [41,42]. On the other hand, in this study,
a significantly lower value of drag coefficient was found for the simplified
boxfish model around 0.17. The highest drag coefficient was observed for
the minivan, while the lowest drag coefficient was observed for the simpli-
fied boxfish model configuration. However, it should be noted that while
both the minivan and the simplified boxfish models are of the same body
configuration, the drag coefficient for the simplified boxfish model is over
50% lower. Hence, results indicate that the boxfish shape is the most
aerodynamic body type compared with commercial production cars. There-
fore, there is a significant possibility of implementing the exterior biomi-
metic body shape for a new autobody design to extract the aerodynamic
advantages.

Flow visualization technique and postprecessing analysis of results were
conducted to study the flow features around the simplified boxfish model
to observe how the simplified boxfish model achieves a low drag character-
istic. The flow features around the model are shown in Fig. 8.14. It can be
clearly seen how the two main methods of the simplified boxfish model
achieve low drag characteristics. The unique shape allows transition into
the back with very little flow separation, which is mainly observed at the
idealized mouth region, which was also found to be a region of improve-
ment, which may lead to a lower CD. The main drag reduction from the
back is achieved through the diffusion process from all sides, which effec-
tively contributes to the pressure recovery of the flow and reduces the CD.

Due to the sharp rear diffusion angle, flow separation is inevitable, even
for a Re number of 20 � 106. It was noticed that the regions of relatively

Table 8.4 Drag coefficient values for different commercial car body configurations.

Body type
Body
configuration

Similar commercial
model

Drag coefficient
(CD)

Sedan Three-box Holden Commodore 0.31
Hatchback Two-box Toyota Prius 0.29
Minivan One-box Toyota HiAce 0.36
Simplified boxfish
model

One-box Not available 0.17
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high pressure exist near the idealized region (mouth) as well as a diffusion
region (tail) during which pressure recovery is occurring located at the
rear of the simplified model. It was found that a similar geometry to that
of a boxfish has very favorable drag characteristics for such a bluff geometry.
Boxfish geometry was found to be very efficient at minimizing the distur-
bance of flow through the tested medium.

8.3.2 Aerodynamics of the biomimetic car
Experimental data for drag coefficient (CD) as a function of Reynolds
number (Re) for simplified boxfish model and the biomimetic car are
plotted in Fig. 8.15. The aerodynamic drag of the biomimetic car was
compared with the same size simplified boxfish model as developed in
this study. Almost a constant CD value (0.24) was found for the
biomimetic car model over the Re range tested in the wind tunnel.
Although the CD value is much lower than the commercial production
car, the CD values are higher than the simplified boxfish model. This is
because all the features from the simplified boxfish model were not imple-
mented into the biomimetic car especially the streamlined tail section of the
boxfish.

The car model was designed to look like a car rather than a fish for
aesthetic reasons. As a result, despite some aerodynamic benefits of the

Figure 8.14 Flow around the simplified boxfish model.
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streamlined tail section, it was not implemented in the car model. Results
show that the boxfish tail has a significant advantage to reduce drag. Even
though the tail section was not implemented in the designed car, it shows a
50% reduction of drag compared with the production car HiAce model.
Overall, the CD value is 16% lower than the one-box body configuration
van with aCD value of 0.36. The results confirm that the biomimetics of box-
fish in car design can be implemented to achieve higher aerodynamic effi-
ciency. Thus, a more energy-efficient car can be designed by mimicking
nature.

8.3.3 Computational fluid dynamics comparison study
The aerodynamic performance of the biomimetic car as shown in
Fig. 8.16D was compared with commercial production vehicle models

Figure 8.15 Experimental data for drag coefficient (CD) as a function of Reynolds
numbers for simplified boxfish model and the biomimetic design car.

Figure 8.16 Computer-generated model of vehicles.
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through a detailed CFD analysis. The sedan, hatchback, and minivan body
configurations were selected for this comparison study. The exterior of the
vehicle was very carefully reproduced using the blueprint of commercial
vehicles and modeled without any external add-ons such as side mirror,
antenna, and spoilers using SolidWorks as shown in Fig. 8.16.

All the 3D models were initially created in full-scale size using Solid-
Works. The models were then scaled down to 1 m in length to maintain
the Reynolds number similarity. The models were then imported into the
ANSYS Workbench environment as a STEP file for CFD analysis. The
detailed meshing of all four models having similar characteristic length
(1 m) is shown in Fig. 8.17. The same boundary conditions and solver setup,
as mentioned in the earlier section, were simulated at 0-degree yaw angle.
The data from CDF solutions for each model were further analyzed and
presented in the following sections.

8.3.3.1 Pressure distribution
A comprehensive study was carried out to understand the fluid flow around
the models. The pressure distribution along the upper surface of the sedan,
hatchback, minivan, and the biomimetic car model is shown in Fig. 8.18.
The x-axis represents the length of the cars in meters, whereas the y-axis
represents the static pressure in pascals. The maximum pressure is observed
in the frontal area for all four models. The pressure dropped drastically for
the sedan and the hatchback as the flow passes the junction of the front
bumper and the hood. However, the pressure drop was not as drastic for
the biomimetic car model. The second critical point to be noted was at
the rear of the models. A smaller rear negative pressure will generate a
lower drag coefficient. The lowest pressure was observed for the
biomimetic car model, followed by the hatchback, sedan, and minivan,
respectively.

8.3.3.2 Pressure contour
The aerodynamic shape of the car especially the frontal area of the car has an
impact on the induced drag of a car. The coefficient of drag value will be larger
for a large frontal area.The four different carswith the different frontal areas and
pressure contours on the surface of the cars are shown inFig. 8.19. The red area
shows the maximum pressure distribution, whereas the blue area represents
the low-pressure distribution on the car. All four cars had maximum pressure
in the front grill section. The pressure then drops rapidly for the minivan,
sedan, and hatchback as the flow passes the leading edge of the hood. The
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pressure remains at a high level as the flow moves from the hood to the inter-
section between the hood and the windscreen. At this point, both the sedan
and hatchback cars experience the second peak. The pressure then relaxes
over the windscreen as it moves along the roof of the car until it reaches
the intersection between the rear windscreen and the bonnet and the rear
of the car where the pressure increases. However, the pressure drop is not

Figure 8.17 Hex core mesh with inflation layer for all selected models.
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so drastic for the biomimetic car model. As a result, the biomimetic car out-
performed the other car models.

8.3.3.3 Velocity contour
The velocity distribution around the car body is shown in Fig. 8.20. The
flow is at stagnation at the front of all four cars. The flow then experiences
acceleration as it passes the junction between the bumper and the hood for
both the sedan and hatchback. However, the flow only starts accelerating as

Figure 8.18 The pressure distribution along the upper surface for all selected models.

Figure 8.19 Pressure contour of car body surface at Re ¼ 19.1 � 106 (80 km/h) for all
selected models.
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it passes over the windscreen and flows over the roof of the biomimetic-
design car model. The velocity contour is the largest over the roof of the
biomimetic car followed by the hatchback, sedan, and minivan. The differ-
ence in flow velocity flowing over the car and underbody forms wakes at
the rear of the car. The larger the wake (negative pressure), the higher the
coefficient of drag. The wake is observed to be the smallest for the
biomimetic car model followed by hatchback, sedan, and minivan.

Figure 8.20 Velocity contour of around the car bodies at Re ¼ 19.1 � 106 (80 km/h) for
all selected models.
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8.3.3.4 Streamlines
The streamline formation behind the car is shown in Fig. 8.21. The stream-
lines follow the body contour till it finally separates at the rear of the car,
forming a wake which is called the “dead water zone.” The larger the

Figure 8.21 The streamline around the car bodies at Re ¼ 19.1 � 106 (80 km/h) for all
selected models.
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“dead water zone,” the higher the drag [1]. The structure and position of the
wake vortex were different depending on the aerodynamic shape. The
boundary layer for the biomimetic car model is observed to separate later
compared with the hatchback, sedan, and minivan design, respectively.
The largest “dead water zone” was observed for the minivan design whereas
the biomimetic car model shows the lowest “dead water zone” among all
other models. As a result, the biomimetic car model has the lowest drag.

8.4 Conclusions

The summary of CFD analysis of all the models with respective frontal
areas, volume, and CD is shown in Table 8.5. The CFD study revealed that
the simplified boxfish model has a favorable CD value of 0.16 at high Rey-
nolds number equivalent to 80 km/h wind speed. The biomimetic car
showed a CD value of 0.23, which was an increase of nearly 30% compared
with the simplified boxfish model; however, it should be noted that the
biomimetic car volume is nearly 36% larger compared with the simplified
boxfish model. The biomimetic car had a favorable CD value when
compared with the minivan, hatchback, and sedan model, respectively.
When comparing the same one-box design models, the biomimetic car,
and minivan, it was found that the drag coefficient of the biomimetic car
is nearly 48% lower than the minivan model despite having nearly 14%
larger volume. Similarly, the drag coefficient of the biomimetic car is nearly
22% and 30% lower when compared with the hatchback and sedan models.

Currently, most passenger cars have aCD value of around 0.28 to 0.30. A
further reduction of the drag coefficient possesses a significant challenge.
The biomimetic car with one-box car body configuration in this study
showed that the drag coefficient can be reduced by as much as 50%. This
reduction will provide notable fuel savings and greenhouse gas reduction.
Additionally, this could potentially provide energy security.

Table 8.5 Summary of computational fluid dynamics analysis.
Model Frontal area (m2) Volume (m3) Drag coefficient (CD)

Simplified boxfish 0.16 0.09 0.16
Biomimetic car 0.22 0.14 0.23
Minivan 0.14 0.12 0.34
Hatchback 0.12 0.09 0.28
Sedan 0.08 0.07 0.30
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CHAPTER NINE

Thresholds of nature: How
understanding one of nature’s
penultimate laws led to the
PowerCone, a biomimetic energy
source
Ryan A. Church
Biome Renewables Inc., Toronto, ON, Canada

9.1 Backgrounddthresholds abound

Richard Feynman, the great 20th-century American physicist, notably
quipped that turbulence was the most important unsolved mystery of clas-
sical physics. Werner Heisenberg, the great German physicist, put it more
playfully: “When I meet God, I am going to ask him two questions: Why
relativity? And why turbulence? I really believe he will have an answer
for the first.” The questions of turbulence, such as what it is and what the
mathematical parameters of the subject are, are still not settled. A Clay
Math’s Prize still exists [1] (and as of writing, still remains unclaimed).
More precisely, the prize is to find a complete solution to the Naviere
Stokes equation(s) [2], humanity’s best attempt thus far to describe fluid
dynamics (9.1).

r

�
vv
vt

þ v $Vv

�
¼ � Vpþ V$Tþ f (9.1)

9.1.1 The generalized NaviereStokes equation
A number of years ago the mathematics of thresholds was something that
consumed me for the better part of a month. Thresholds are defined in
the Oxford English dictionary as: “The magnitude or intensity that must
be exceeded for a certain reaction, phenomenon, result, or condition to
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occur or be manifested” [3]. Breaking down the problem and looking at
what had come before, the problem brief [4] described that would-be solvers
could either prove the existence of smoothness in the NaviereStokes equa-
tion, or solve a breakdown of the equation. Interestingly, the brief also noted
that a third possibility may exist, where an entirely different equation could
describe turbulence. After a few hours of looking at the problem, it became
possible to me that an entirely different explanation to turbulence may
indeed exist, and it may be related to a larger and grander underlying theory
waiting to be discovered.

Turbulence is defined in the Oxford English dictionary as “violent or
unsteady movement of air or water, or some other fluid” [5]. Simply stated,
turbulence is the random movement of a fluid. Anyone who has ever been
in an airplane when a patch of turbulence hits will intuitively understand the
concept. Running several thought experiments in my mind, it became
possible to me that turbulence may in fact be described as a threshold. Ima-
gine several fluid particles, or balls, spaced evenly apart in space. Now apply
motion; all of these balls are moving forward in time together through a me-
dium without any interference, while maintaining a precisely equal distance
between each other. These balls are moving at the same speed, in the same
direction. In this condition, no turbulence is present. The absence of turbu-
lence in this condition is known as laminar flow. Next, imagine that the balls
started moving violently up and down, and back and forth relative to each
other as they moved through the medium. The balls are moving around
each other, with no predictability in direction, and at varying velocities. A
two-dimensional version of this is shown in Fig. 9.1. This is turbulence.
The final concept imagined that at some point, there must exist a moment
where one reality must have led to the otherdthe tipping point. What
could have caused this? In the Universe, laminar flow seems to be the
more stable state for fluids [6]dyou do not see a pond suddenly erupt
into a torrent without some impetus of force being applied. But a number
of questions arise. What change in force leads to turbulence? Do the char-
acteristics of the fluid itself define what these changes of force are or would
be? Can the problem be defined simply, or is this a four-variable problem,
including time? Understanding these nuances while trying to answer these
problems took me a long way to defining what the answer to turbulence
could be.

With this concept in mind, I began to realize some of these thought ex-
periments to try and get some answers. Launching our family canoe on the
water, a few quick paddle strokes sent me off from shore and sent a torrent
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of turbulence streaming from my paddle in the other direction. This tur-
bulence broke down into vortices, which eventually petered out into
the calm of the lake. This was supplemented with long, slow paddle
strokes. Watching my paddle enter the water, the difference was stark.
In my fast stokes, turbulent flow ripped away from my paddle. In the other
much slower strokes, the flow remained smooth and laminar and only sent
a few vortices spiraling from my paddle. This made me think that maybe
turbulence is about rate. Maybe it is about the time over which a force is
imparted through a fluid. With this, it could be further reasoned that there
would be a pointdor thresholddwhere this rate allows the fluid to be
laminar or tips the scales in favor of turbulence. Further still, the degree
to which you are beyond this threshold relates to the time that the flow
could be considered in a turbulent state with no additional input of energy
into the system. Plenty has been written about the transition point between
turbulence and laminar flow [7,8]dit is one of those topics that has fasci-
nated physicists for decades. If you break down time into small enough
increments, you will find a point where the fluid is neither completely
turbulent nor laminar by definition. This, however, does not negate the
fact that the phenomenon can be considered a threshold. In fact, this
phenomenon is what helps to classify it as a threshold. If you consider other
phenomenon in the natural world, like the phase transition of fluids from
gas to liquid to solid, there are transition points. Thinking about the differ-
ences in the viscosity of air and water, it becomes apparent that the physical

Figure 9.1 Two-dimensional scheme of laminar and turbulent flow. Credit: Ryan
Church.
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parameters of the fluid itself must define the threshold for the formation of
turbulence in any fluiddbe that air, water, or honey. This was a watershed
moment and the beginning of Threshold Theory. Taking this further, I
realized that classical instances of thresholds in the natural world were
just the tip of the iceberg. Take for example the neural activity of action
potentials inside your body. Weather is a series of thresholds, as is evolu-
tion, climate change, black holes, and everything right back to the Big
Bang. In short, the Universe and everything in it can be described as a
threshold.

9.2 The moment of inspiration

On Shuswap Lake, in the middle of British Columbia, my family had a
cabin. At one end close to the water, we had a deck with a maple tree that
grew right beside it and dropped seeds by the thousands. One day, a maple
seed fell onto the deck. Having seen this many times before, this one struck
me for some reason; it caught my eye. This was several weeks after thinking
about thresholds and the magnitude of what might have been discovered.
The maple seed seemed to be falling slower than I thought it should.
Then another fell, spinning rapidly. Closing my eyes, I tried to imagine
the falling maple key in my mind’s eye, slowing down the rotation. The
structure and geometry amazed me. Maple seeds do not fall flatdmeaning
they do not interact parallel to the incoming flow. Instead, maple seeds fall at
an angle to the incoming flow, known as the coning angle [9]. Taking a few
visual snapshots, I tried to create a slow-motion reel in my mind of a falling
maple seed (Fig. 9.2). It also triggered another memory.

Many months previous, I attended a wind turbine conference in Dussel-
dorf, Germany [10]. It was the first wind turbine conference I had ever
attended, and my ears were perked for information. This was the beginning
of my entrepreneurial journey in clean energy technology, but I was not
sure what problem to solve. At the conference, two leading scholars from
Denmark proclaimed a very interesting fact: They announced to the audi-
ence that the center of a wind turbine rotor was very inefficient, due to
the circular blade root geometry. A phenomenon of low pressure around
the hub was sucking wind away from the blades during operations, a phe-
nomenon called root leakage [11]. This was apparently the most significant
aerodynamic problem in the industry and had been left unsolved since the
dawn of the Danish three-bladed design. That statement made an impact
on me and spurred future developments.
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Fast-forward to my deck at the cabin, and the falling maple key, a jolt of
associative memory hit medin an instant, blending the two concepts
together. The concept was a three-bladed maple key stuck on the front of
a wind turbine: an aerodynamic nosecone. Visualizing the rotation of the
maple key in slow motion in my mind’s eye, I imagined air currents flowing
down the breadth of the seed, moving away from the center axis of rotation.
I imagined the flow to be laminar, moving as one stream around the falling
maple key. The coning angle (C

�
), I reasoned, must have evolved to make

the maple key as efficient as possible when falling away from the tree
(Fig. 9.2). Indeed, this is the case.

9.3 Maple key aerodynamics

Maple Seed Performance as a Wind Turbine by Jacob R. Holden et al. sets
out a methodical approach to maple key aerodynamic analysis, using
computational methods. Although even the best computational software
available to engineers is limiteddmostly in part to the use of incomplete tur-
bulence models (thus the importance of the Clay Prize mentioned earlier),
the researchers thoughtfully analyzed such features as the center axis of rota-
tion and the coning angle. The coning angle e C

�
(Fig. 9.2)dthe angle of

the maple key relative to the perpendicular angle of the incoming flowd
turns out to be an important feature to achieve a maximal power coefficient,

Figure 9.2 Slow-motion snapshots of a falling maple seed, showing coning angle (Co)
with timespan (T) covered. Credit: Ryan Church.
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which maple keys do in fact achieve. The power coefficient is the relative
energy extracted from a moving flow, and the maximum power coefficient
of a rotor in a free-stream condition (like a wind turbine or maple seed) is
59.3%. The maple seed hits 59%, while modern wind turbines hit 45%
e50%. With the center axis of rotation inboard from the tip of the nut
(Fig. 9.3), the coning angle necessary to achieve this turns out to average
16� [12]. This angle is also relative to the pressure distribution across the
breadth of the maple key’s surface and optimized such that flow is pushed
toward the tip of the key as it fallsdmaking it in fact, not dissimilar to
the way a jet engine operates [13]. The result is that the pressure distribution
is optimized to create the most torque possible; maple keys rotate at up to
940 rpm! [14] The pressure distribution is also optimized to reduce turbu-
lence formation across the topology and trailing edge of the maple keyd
indeed, no thresholds are breached to cause its formation. The maple key
is thus employing both drag-based and lift-based aerodynamic principals
to achieve the maximum coefficient of performance possibledsomething
that did not occur in modern wind turbine designduntil the invention of
the PowerCone [15] (see Figs. 9.4 and 9.5).

Maple keys have even been studied in wind tunnels. Using particle im-
age velocimetry (PIV), Eric Limacher of the University of Calgary published
results that the stable attachment of leading-edge vorticesda lift enhancing
phenomenondforms depending on the tip speed ratio [16] (a ratio of the
speed of the tip of the rotor to the speed of the incoming flow). Limacher
also discovered that maple keys employ a dynamic gust response system,
changing their angle of attack and RPM depending on the degree of incon-
sistant wind direction and velocity, while axial gusts beyond a sufficient
threshold or frequency can disrupt autorotation. In the wind industry, gusts
are a major source of unwanted loads and can disrupt performance [17].

Figure 9.3 Morphology of a maple key. Credit: Ryan Church.
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Maple keys also have several other features that improve their aerody-
namics. Morphology attributes include a veining pattern that impacts the
surface treatment of the wing and a tubercle trailing edge (Fig. 9.3). These
two morphological strategies are seen throughout the natural world to
control and direct the flow of fluids. Veins and tubercles are seen on the
facial features and flippers of humpback whales [18], while most birds
employ an undulating trailing edge on their wings. Both of these features
act to vary the pressure contour over the surface of structures that move
through fluids, thus guiding the fluids to move in predictable patterns that
improve aerodynamic performance.

In short, the maple key is a biological rotor that achieves maximum ef-
ficiency through its morphology and mode of action; employing multiple
strategies that work as one to make the maple key an “aerodynamic
powerhouse.”

9.4 The first prototypes

After some planning, a little carpentry, a bit of number crunching and
a bit more string pulling, I built my own wind tunnel. In many ways, this
was similar to what the Wright Brothers did more than 100 years ago at
the dawn of the aviation age. Their wind tunnel consisted of a fan at one
end and a test section at the other end. With a bit of work and a trip to
the hardware store, the wind tunnel was soon up and running. Placing a
desk fan at one end, and a model wind turbine at the other, the experiments
were soon running. For the wind turbine, blades were sculpted from a
microcrystalline wax, while the first PowerCone prototypes were made
from a gum eraser; easily malleable. The first prototypes were crude and

Figure 9.4 Early Sketch of a PowerConeda nonperformer. Credit: Ryan Church.
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looked more like a drill bit from sketches I had done (Fig. 9.4), which did
not have a whole lot to do with a maple key and thus did not perform
very well at all. Perhaps I still had carpentry on my mind.

The length scales of the PowerCone soon became apparent as one of the
key variables in looking at voltage and current production, so new proto-
types were made with shorter length scalesdwhich adjusted the coning
angle. It soon became apparent that these shorter variants were far superior
(Fig. 9.5). In all, more than a hundred versions were created, as designs were
quickly modified and notes were kept at varying wind speeds. To assess and
compare results effectively, the experiment had a volt and amp meter con-
nected to the model turbine. The initial results of these modified geometries
were astoundingdan increase in power of around 30%!

These later versions also employed both drag and lift-based aerodynamic
principals, taking a cue from the humble maple key. The transition zone,
labeled in Fig. 9.5, is the point where drag-based aerodynamics stopped
and lift-based aerodynamics began. A containment trough was also added
to keep the flow within the blade, though this was later found to limit
leading-edge vortex formation. These discoveries and others were made
while completing wind tunnel testing at the Technical University of Delft’s
Open Jet Facility [19], which is a lot more sophisticated than the wind tun-
nel I built. Here, a wind tunnel large enough to fit a transport truck was used
to simulate the free unconstrained flow of wind turbine aerodynamics. With

Figure 9.5 Early Drawing of a PowerConeda real performer. Credit: Ryan Church.
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little in the way of side wall effects to distort and squeeze flow in ways that
would not be seen in the real world, this test setup offered a great way to
understand the potential of the PowerCone.

9.5 Wind tunnel testing a PowerCone

The Technical University of Delft was chosen as an ideal place to test
the PowerCone because of the Open Jet Facility and its wind tunnel. The
tunnel is accessible for a fee to projects outside of the academic domain
and boasts one of the largest test sections in Europe. The fan that was at
the beating heart of the wind tunnel was enormous, nearly 7 ft high. The
wind that it sent went through two 90-degree bends with a series of meshes
and grills to get rid of any swirling vorticies in the flow produced by the fan.
The flow then came out of an expander, where the flow velocity was
measured. This was pointed out to us by a technical assistant who also taught
us how to operate the tunnel. With everything set up, we proceeded to start
the experiment. The turbine model that we set up in the tunnel consisted of
turbine blades made from a nanocomposite ceramic material produced
through the 3D printing process of stereolithography; one that mimicked
the properties of glassefiber construction and smooth finish of a wind tur-
bine blade. Its smooth finish would cause little in the way of perturbations
that could interfere with the performance and disrupt the boundary layer,
making for a high performance baseline turbine. In addition to the blades
and PowerCone, another structure was fabricated to act as a benchmark
of performance. In 2013, GE piloted their version of a structure that was
meant to solve the problem of Rotor Root Leakage. Designed by GE
engineers, it was called the ecoROTR [20] (Fig. 9.6) and looked like a giant
dinner plate in front of the rotor. It was not what you would call aerody-
namic. Its function was to act as a blockage and push air away from the
center section of the rotor. As such, we 3D-printed one of these devices
at the same scale as the PowerCone, and the same relative scale as GE had
piloted at full-scale, to compare the aerodynamics of a maple seed-
inspired PowerCone with an ecoROTR blockage baseline.

With our model set up, we intended to run a series of tests, first setting a
baseline at various wind speeds with neither the PowerCone nor ecoROTR
look-alike, and then adding each one to see the relative effect (Fig. 9.6). As
we fired up the tunnel, the blades on the turbine began to turn. It was an
exciting moment watching the power production number slowly beginning
to rise. Before long, we had set a baseline. The next phase was adding the
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ecoROTR addition to the turbine and running the experiment again.
Needless to say, it was not a great performer d in many cases actually pro-
ducing less power. Then, we added the PowerCone. The first thing we
noticed was that it started to spin before the tunnel had even reached its first
stable wind speed level of 3 m/s, which was maked as cut-in on the baseline
turbine. This caused us to pause and stare at our data screen with amazement.
We obviously needed to set the first wind speed target at a lower leveldit
was a good sign of efficiency. The PowerCone was producing power at a
wind speed that did not even register movement of the baseline turbine.
Powering the wind tunnel back down to zero, we waiting for the system
to stabilize before powering it back up again, but this time at nearly the
slowest wind speed setting that was possibled1 m/s. Nothing happened.
Then, we moved it up to 2 m/s. At this speed, the rotor with the Power-
Cone on it began to vibrate and rock back and forth a few degrees. It looked
like it wanted to rotate. In reality what was happening was the turbine could
not quite get over the internal resistance of the generator, moving ever so

Figure 9.6 GE ecoROTR look-alike and the PowerCone in the TUDelft Wind Tunnel.
Credit: Ryan Church.
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slightly between two positions determined by the internal magnet place-
ment inside the generator.

As we increased the wind speed in half meter-per-second increments,
the turbine overcame the internal threshold and started to spin. It was
certainly an improvement in cut-in speed. We ran the cut-in experiment
numerous times with slightly different wind speeds, honing in on the
cut-in, eventually landing on the number of 2.2 m/s. A baseline turbine
cut-in of 3 m/s is standard for utility-scale turbines, lending good scale
approximation for our model. This was an enormous improvement for
our 1/50th-scale model. In hindsight, this was all down to the principle
of Time-Dependent Energy Transfer (TDET) and how the PowerCone
altered the pressure distribution across the rotor disk in much the same
way as the kinematics of a falling maple key. TDET was a phenominon I
had developed from Threshold Theory to explain various fluid dynamic
phenomina. One important consideration when practicing biomimicry is
scale, because scale plays such an important role in nearly every physical
aspect of phenomina in the Universe [21]. In aerodynamics, a non-
dimentaional number called the Reynolds number [22] allows you to
broadly understand and estimate the effects of changes in length scale.
Through my continued work on Threshold Theory, I had come to under-
stand the importance of the coning angle in limiting turbulence formation,
but I had also come to understand how the coning angle changes the pres-
sure distribution across a maple key through the associated phenominon of
TDET.

As a maple key falls, its seed is the first thing that interacts with the
incoming flow, causing a pressure bubble to form slightly upwind of it.
This causes the incoming flow to bend away from this area and accelerate
toward the outboard sections of the structurednamely the wing, where
the maple seed can take maximum aerodynamic advantage. The coning
angle also helps to reinforce this dynamic; because the wing section is
tapered back, there is more space and thus more time for the flow to
move away from the center section and accelerate to a outboard radial sec-
tion before it can do work on the wing. This coning angle, in turn, also
allows the wing to do work on the flow over a greater period of time.
The two phenomena are intrinsically linked in an elegant aerodynamic
dance. This understanding of pressure variation, time variation, and energy
transition had broadened into the physical theory of TDET, which is posited
as a rationale for the formation of turbulence and lead to a new equation that
defines the aerodynamic efficiency limit of a turbine in any fluid (Eq. 9.2).
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With this theory [23], the length scale of the PowerCone could vary
depending on the fluid medium (air or water) or if the atmospheric or situ-
ational pressures were different. For a wind turbine, the new theoretical
maximum efficiency was 62.3% [24], given certain limiting parameters.
With the nature of the fluid itself playing a large role in fluid dynamics, it
would necessitate that a PowerCone for a tidal turbine would have a very
different geometry to that of a wind turbine, as would a tidal turbine to a
hydro turbine, which is operating under enormous pressure. The goal in
all devices would be the samedbut the geometries that unlocked their po-
tential would be quite different. And all were born out of the investigation
of the humble maple key.

With the initial cut-in testing complete, work continued to understand
how the maple keyeinspired PowerCone faired at higher wind speeds.
Moving in similar half meter-per-second increments, we moved higher
and higher, eventually reaching the same cut-out as the baseline and eco-
ROTR runs. The results were amazing. On average, the PowerCone deliv-
ered a 30% increase in efficiency [25]. Further testing was warranted; I began
to think about the broad aerodynamic mechanism(s) that the maple key was
using to unlock these huge advances in efficiency gains.

9.6 Time-Dependent Energy Transfer and thresholds

Thresholds are well understood in science, but their scope has been
limited historically. This section explains how our current understanding
of thresholds can be expanded and what that means for fluid dynamic appli-
cations. As I explained earlier, neuronal behavior is one of the few instances
where thresholds are understood to account for a particular physical
phenomenon. Axonal behavior and the action potential of neurons repre-
sent the most well-understood model of thresholdsdsomething that
happens to allow for the most complicated structure in the Universe: our
brain [26]. This is where students are introduced to thresholds, the other
perhaps being activation energy of chemical reactions. The biological
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example can be illustrated as shown in Fig. 9.7. When a stimulus of a certain
voltage level is reached, the membrane potential rises from its resting state of
�70 mV to a critical state of �55 mV. This critical state is known as the
threshold potential and is the point of no return for the nerve cell, which
rapidly depolarizes to the action potential of þ40 mV, before repolarizing
and returning to the resting state after a brief refractory period at
�90 mV. This action potential spreads down the axon like a wave, through
the opening and closing of voltage-gated ion channelsdthe whole system,
in essence, is brought about through the force of electromagnetism and the
phenomenon of thresholds. Failed initiations that do not meet the threshold
will not trigger an action potential; the resting state will be maintained. This
same phenomenon is also the process behind your heartbeat, which makes
sense because it relies on electrical impulses from your nervous system. In
short, thresholds are the reason you are alive.

Thresholds as depicted in Fig. 9.7, are graphically depicted as a wave.
This is how we depict this phenomenon. The amplitude and frequency of
the wave; the height of the spike and how often it occurs, respectively,
are determined by the variables that make up the threshold. In the case of
a neuron firing, this would be the charges of the cations involved (Naþ

and Kþ) and their quantity and position; the number of channels in the

Figure 9.7 Schematic of action potential. Credit: Ryan Church.
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membrane; and their relative spacing. The physical manifestation of a wave
(a ripple on a lake or light) is also a threshold. As Albert Einstein
(1879e1955) famously quipped, “everything in life is vibration.” Since
waves are vibrations, all vibration is a threshold.

Our best attempt thus far at describing the motion of fluids is something
called the Euler and NaviereStokes equations Eq. 9.1, developed in the late
19th century. Therefore, our understanding of turbulence and turbulent
flow hasn’t progressed relatively compared with other subjects. Incorpo-
rating natural models and biological examples where turbulence is affected
is a multidisciplinary approach that can enable us to better understand the
subject. There are a few things that we can say for certain about fluid dy-
namics, such as “fluids always flow in the path of least resistance” and “tur-
bulence is random and chaotic.” It is this inherent randomness that has
prevented us from understanding it, yet the natural world has developed
methods of working with, diminishing, and altering turbulence to its
benefit, which will be described later in this chapter.

To better understand turbulent flow, and thus define the problem that
needs solving, let us look at the NaviereStokes equation that was referenced
at the beginning of this chapter, which is an application of Newton’s second
law as applied to moving fluids Eq. (9.3).

F ¼ m$a (9.3)

At a fundamental level, this law states that an object of a certain mass
moving at a certain velocity will have a certain force that is the product of
its mass and acceleration. Turbulence can be thought of as a battle of the forces
between gravity and the kinetic energy of momentum and inertia. Above a
certain threshold, the system of fluidic molecules becomes turbulent and
tears itself apart. Below a certain threshold, this system is laminar and
smooth. In between these two is the transition region, where intermittency
occurs and the flow bears minor hallmarks of both laminar and turbulent
flow, depending on the timescale observed [27]. Using another biological
analogy, this represents a tipping point in the systemdand is determined
by the inherent properties of the fluid involved: its kinematic viscosity, den-
sity, Reynolds number, and velocity. However, one further parameter has
since made itself evident to me, which I think bears explaining: time. The
timescale over which events happen has a direct effect on the nature of their
being. Taking a biological example: the kingfisher’s ability to dive from one
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fluid (air) into another (water) that is 800 times denser, all without barely
creating a splash, is an incredible achievement. This ability is down to its
amazing beak. But why? How? What principal of physics allows it to main-
tain laminar flow? This is where the principle of TDET comes in. The
answer is down to the timescale over which the kingfisher dissipates the en-
ergy of its dive, which is manifested in the shape of its beak, which induces a
particular pressure wave to form [28], imparting a particular fluid motion to
arise. The same thing is happening with turbulence formation. The analogy
here would be to remember back to my paddling demonstration at the lake.
Scales matter in thresholds. Smacking the water reduces the timescale to
such a degree that turbulence is the end result. You get wet.

Once you understand that turbulence is down to thresholds over time-
scales, other phenomena in the natural world make themselves evident.
Take a further fluidic phenomenon: cavitation. When extreme forces are
exuded in a liquid over especially short timescales, water molecules are sepa-
rated from each other to form bubbles. These bubbles exist in a state that is
near-vacuum pressure on the inside and quickly take in vapor due to the
pressure differences inside and outside the bubble [29]. Fractions of a second
later, once the threshold pressure is suboptimal, these bubbles collapsedor
cavitatedrapidly, creating tremendous amounts of energy, sound, and light.
This is known as the Blake threshold [30]. Cavitation is thus a process of two
major threshold eventsdthe required energy input to separate water
moleculesdyet to be classified as a threshold event, and the Blake threshold
requirements, which reflect the pressure requirements for stable or unstable
bubble formation and cavitation occurrence.

A biological example of cavitation in action is the peacock mantis shrimp
(Odontodactylus scyllarus); a marine crustacean with the most powerful punch
in nature [31]. This crustacean uses the physics of cavitation to hunt, punch-
ing its prey so fast, that cavitation bubbles rapidly form and collapse, deliv-
ering a shockwave on contact that stuns its prey. But how is the Mantis
shrimp not harmed in this event, and what could this teach us about creating
tough structures that are resistant to these forces? Well, the secret may be
down to the 3D structure of the club that delivers the punch. It turns out
that the club is composed of a Bouligand structure [32]; a hierarchical archi-
tecture that features uniaxial fiber layers assembled periodically into a heli-
coidal pattern. This limits the dispersion of cracks in the substructure and
prevents the formation of weak points.

These biological examples of thresholds show that strategies employed
by nature exist across species in multi-faceted ways. The complexity and
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ingenuity of nature is available to those who have the tools, process, and
mindset to unlock it.

9.7 Changing fluids: Tidal testing a PowerCone

With the testing in TUDelft complete, an investigation began to
broaden the application of the PowerCone technology. The tidal industry
seemed like an obvious candidate because the same flow problems of
Root Leakage existed, only they were more pronounced as the density of
water is greater. Tidal turbines are basically underwater wind turbines,
and up until that point were rather unsuccessful at taking power efficiently
out of tidal flows. Maintenance and loads were a major problem in this new
industry [33,34], which had only been around for 10e20 years. It was an
industry that was ripe for innovation. Taking a further look at the Power-
Cone, it was posited that this device could be the turbine rotor on its
own; it would not have to have blades like a traditional turbine. Maybe,
however, the PowerCone could be used in both situationsdsome would
have a PowerCone and blades, while others could be just a large Power-
Cone. The thought merited an investigation.

The Ocean Sciences Center at Dalhousie University was chosen as the
place to test two new PowerCone concepts for tidal energy application.
Dubbed the Aquatron [35], several flow tanks were available for testing.
The testing tank that was ultimately chosen was nearly 30 ft long and
15 ft wide and able to produce flows at nearly 3 m/s through the use of three
75HP pumps. Through successive fluid dynamics (CFD) investigations, it
was discovered that the geometry that was initially used in the TUDelft ex-
periments could be made even better by shortening its depth, reducing its
length scale. In actual fact, the geometry that was used at TUDelft might
be better as a tidal turbine, so it was decided that the same model be used
in modifying a Schottel tidal turbine that was shipped over from Europe.
With the attachment mechanism altered to adapt to the Schottel hub, a se-
ries of experiments began.

First, a baseline was set, slowly progressing the bare Schottel turbine
through a series of increasing flow speeds. With this baseline in place, the
PowerCone was strapped on. This was done by letting the water out of
the tank and jumping down onto a raft, since the turbine could not be
practically lifted out of the tank each timedit weighed over a ton. With
the PowerCone in place, the tank was refilled, and the experiment started
again. This time, from previous experience, increments were begun at a
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slower flow speed. The rotor started to spin well before the cut-in velocity
of the baseline, meaning that the rotor was producing enough torque to
overcome the inertial resistance of the generator, just as at TUDelft. This
was a good sign. As the flow speed was increased and the data poured in,
a new power curve emerged, which showed the improved performance
of the PowerCone-enabled rotor (Fig. 9.8). Further experiments were
run on the stand-alone PowerCone, though the results were not as impres-
sive. Further work needed to be done to apply the principles of what was
occurring to a stand-alone structure, but the retrofit structure performed
well, generating up to 30% more power [36].

9.8 New computational frontiers: PowerCone

With the tidal experiments complete, attention was turned to further
CFD studies on the impacts of loads in the application of wind turbines. A
full-scale structure was going to be built and tested on a Vestas V100-2 MW
turbine, with a hub height of 95 m and a rotor diameter of 100 m. This
would be a big step in proving the concept. To get there, a computational
loads analysis would need to be done “at scale.” Enlisting the help of DNV-
GL, the world leaders in turbine engineering and certification, we began a

Figure 9.8 Mechanical power versus RPM for a Schottel turbine with and without a
PowerCone. Credit: Ryan Church.
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testing regime, running nearly 1000 simulations in varying wind and turbine
fault conditions to prove that the PowerCone would be safe to test at an in-
dustrial scale. The PowerCone proved so unique, that a new computational
method was developed to test the impact of the device on a model wind tur-
bine. In essence, the theory that underlies the computational codedBlade
Element Momentum theoryddid not have a way for accounting for the
highly curved geometry of the maple keyeinspired PowerCone [37]. After
a few months of development and testing, a new method was devised and
implemented. The method essentially entailed running CFD simulations
that modified the blade geometry in a way that mimicked the effect of the
PowerCone, without having the PowerCone’s geometry present
(Fig. 9.10). The method proved very effective and showed that the
PowerCone reduced loads on major components, including the rotor and
drivetrain, especially in cases where the inbound wind was highly turbulent
and gusting. In the most extreme eventdwind speeds nearing a category 1
hurricanedthe PowerCone reduced loads by a significant margin, nearly
35% [23,38]. The PowerCone could also reduce noise emissions if the tur-
bine controller allowed for reductions in blade pitch angle at rated wind
speeds. This was down to the fact that the turbine could now extract the tor-
que it needed to produce full power with less wind. These results were very
much unexpected but provided additional value propositions for the indus-
try, and potentially new use cases, something that biomimetic innovation
often entails (Fig. 9.9).

During the course of the DNV-GL CFD runs and before it, numerous
models were tested using CFD to ascertain the aerodynamic effect possible
and squeeze out any efficiency gains. One effect was cleardand that was
changing the pressure region around the rotor disk. Like the maple key,
the PowerCone was changing the upstream and downstream flow

Figure 9.9 Evolved Design: PowerCone. Credit: Ryan Church.
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characteristics to harness more power from less wind. This effect is best illus-
trated in Fig. 9.10, which shows variances in pressure and axial flow velocity
along the Y-axis at different points along the rotor disk (different colors),
along with upwind and downwind variances along the X-axis. The Power-
Cone was showing itself to align with theory [24]. In the graph to the right
in Fig. 9.10 (Baseline þ PowerCone), the flow velocity downwind of the
rotor plain close to the root section showed a marked reduction in axial ve-
locity (air flowing through the rotor), meaning that energy was being har-
vested from the wind.

9.9 Conclusion: Full-Scale Testing

With these computational experiments complete, the fluid dynamics of
the falling maple key had been expanded to apply to the physical parameters of

Figure 9.10 Pressure distribution variance on an early prototype PowerCone-fitted
Rotor. Credit: Ryan Church.
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air and water, and full-scale testing was ready to commence in both fields. In
Northern Ireland, the PowerCone was ready to be put to work. Using the
same Schottel turbine as the baseline turbine from the Aquatron, the Power-
Cone was deployed in Strangford Loch. In this case, the PowerCone was
3D printed in stainless steel, the world’s first use of the technology in the tidal
industry (Fig. 9.11). After a few weeks of testing, the results were tabulated.
The PowerCone delivered a 10% increase in performance and a 10% reduc-
tion in design-driving loads [36,38], both industry leading figures for a turbine
addition. In the spring of 2021, a full-scale PowerCone was installed on a
Vestas V100-2MW turbine in Ontario (Fig. 9.12). This PowerCone was
20 meters across d a step up from its biological inspiration. Data from field
testing showed a dramatic result d the aerodynamic performance for the
PowerCone-turbine was improved by industry record levels, achieving a Co-
efficient of Performance (Cp) of 0.55 at 8 m/s, an increase in annual energy
production of 10e13% and a positive load impact, validating both the CFD
and the math behind Two-Dimentional Actuator Disk Theory. In all, more
than 10 world and industry firsts emerged, demonstrating the aerodynamic
impact of looking to nature for inspiration. This is a tenant of biomimicryd
the underlying principles are universally applicable, so long as the fundamental
mechanisms are understood and scale is respected. This is one of the hardest
aspects of biomimicry to understand and get right and often leads to mistakes
in application, with inventive association gone awry. Biomimicry in the disci-
pline of aerodynamics is difficult to unpick because in part the domain of fluid
dynamics is difficult to understand, even for physicists. The humble maple key

Figure 9.11 PowerCone was deployed in Strangford Loch, Northern Ireland. The
PowerCone was 3D printed in stainless steel. Credit: Ryan Church.

256 Ryan A. Church



is employing multiple mechanisms simultaneously to achieve its mastery of
aerodynamics; notably, coning angles and TDET, veining, undulating trailing
edges, and leading-edge vortex formation d all encompased by Threshold
Theory. It is amazing that all of these mechanisms are bound up in a simple
structure that is produced in the billions every year by maple trees all over the
world, which is then trod on by people unknowingly on the sidewalk. Nature
never ceases to amaze.
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10.1 Bio-inspired design

Humanity has always marveled at the extraordinary abilities of plants
and animals, from the flight of birds and the speed of the cheetah to the
strength of the oak and precision of the spider’s web. Whenever possible,
we have turned this to our advantage, harnessing the superior performance
of nature to our own ends: using hunting dogs and falcons, building our
homes from wood, and, in some cultures, equipping our weapons with
the teeth of sharks or the skin toxins of frogs. Following the scientific rev-
olution, humanity once again looked to the natural world, this time with the
goal of understanding the principles behind these abilities. All heavier-than-
air flight traces its roots to Lilienthal’s pioneering work on the flight of birds
[1], and the first synthetic plastic, Bakelite, was inspired by the shellac secre-
tions of the lac bug [2], while more recently the nervous system has served as
the model for computational neural networks [3e5].

The natural world can be the source of insights and innovations for much
smaller-scale problems too, providing inspiration for individual products or
innovations [6]. The most ubiquitous example is Velcro, which was devel-
oped after George de Mestral observed the ability of plant burs to adhere to
his dog’s fur without chemical adhesives and to maintain their adhesion
across multiple attachment/release cycles [7]. Similarly, the lotus leaf has
provided inspiration for a wide range of self-cleaning, superhydrophobic
surfaces based on hierarchical nanostructure [8]. These innovations are not
the result of blindly copying nature but rather hinge upon first deeply
understanding the mechanism behind the natural system’s performance
[6,7,9]. Once the fundamental mechanism is understood, it can be
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effectively translated into human technology, which often differs in mate-
rials, scale, energy source, or any number of other aspects.

To effectively apply biomimicry, several steps must be followed [6,7,9].
First, the problem must be clearly identified in as much detail as possible.
Second, we must find natural systems that have already solved this problem.
There are likely to be many of these systems, each with particular advantages
and drawbacks, and selection of the natural model will depend upon these.
Third, we must understand the fundamental mechanisms which lead to the
exceptional performance of the natural model. This will allow adjustments
to be made for unavoidable differences between natural and human-created
systems, e.g., the differences between muscle and electric motors. The ulti-
mate goal is to implement the core mechanisms in a human system to test
and, eventually, deploy this solution [6,7,9].

10.2 Identifying the problemdtraversing other
worlds

Delivering a probe, lander, or other device across the vastness of space
into the orbit or onto the surface of another world is without a doubt one of
the most difficult feats in history and is one of humanity’s greatest accom-
plishments. However, as humanity began to deploy mobile rovers, we
were forced to contend with a new challenge: reliably and effectively nego-
tiating extremely challenging terrain. On both the Moon and Mars, rovers
must contend with fine-grained regolith, scattered rocks, and larger rock
formations, all widely variable and often unpredictable properties (Fig. 10.1).

Granular media are particularly challenging to move on, even on Earth.
Slight differences in loading speed, orientation, and media configuration can

Figure 10.1 Butte “M9a” in “Murray Buttes” on Mars. As imaged by NASA’s Curiosity Mars
rover. Courtesy: NASA.
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lead to dramatic differences in the behavior of the substrate [10e13]. One
loading pattern will cause the particles to interlock and jam, behaving like
a solid, while a subtly different loading pattern will cause the particles to slide
past each other, yielding and flowing as a “frictional fluid” [14e16]. How-
ever, while true fluids can be understood via the NaviereStokes equations,
we do not currently have any universal governing equations for granular
media [17]. Properties of the granular media that can influence material
behavior and forces include the particle density, geometry, frictional coeffi-
cient, presence of liquid capillary bridges, depth, slope, and packing fraction
(the fraction of a given volume occupied by particles) [10e16]. This last var-
iable is particularly notable due to the tremendous differences in outcomes
that can be produced by small differencesda change in packing fraction
from 58% to 63% caused an approximately 50% increase in force necessary
to cause the media to transition from jammed to yielding (yield force) [14].
These large differences are even more problematic because, unlike slope,
packing fraction cannot be determined from visual inspection; a patch of
loosely packed sand looks much the same as the surrounding close-packed
sand. The Spirit rover on Mars was trapped by one of these unexpected re-
gions of loosely packed material.

The history dependence of granular media further complicates move-
ment on these terrains. Any moving object or animal on or within granular
media will leave behind tracks or footprints, which are regions of disturbed
media with different properties from those surrounding them. Unlike wakes
in fluid systems, which dissipate after a few seconds, tracks in granular media
persist indefinitely until some other force disturbs the media. While it can be
tempting to simply disregard these past traces as no longer relevant, several
papers have shown that they can pose an unexpected hazard [13,18,19]. Ex-
periments in both animals and robots, limbed and limbless, have shown that
if the locomotor does not move sufficiently far in a given cycle, it can
interact with its own tracks during the next cycle [13,18,19]. This interac-
tion is always detrimental, resulting in reduced displacement and leading
the next locomotor cycle to interact with even more of the footprints,
further depressing performance in a negative feedback cycle that ultimately
strands the locomotor [13,18,19]. Thus, granular media are particularly un-
forgiving, as even low-performance but seemingly effective locomotion can
lead to becoming permanently mired.

Depending upon the location, this granular medium may be strewn with
various sizes of rocks, or even large rock formations, representing both
objects of scientific interest and significant obstacles to movement
(Fig. 10.1). Smaller rocks may be traversed, albeit at the risk of damage to
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the rover and requiring well-designed suspension mechanisms (at the cost of
added weight and complexity), while larger rocks must simply be avoided.
Large rock formations may be traversed when possible but limitations on
traction, slope, and unevenness may render the most desirable sampling sites
inaccessible for wheeled rovers [20]. All of these difficulties are magnified by
the possibility that rocks will shift, break, or otherwise behave unexpectedly
when loaded.

As a result, the physical environment in many worlds presents significant
challenges for effective movement by robotic (or manned) devices, all
accentuated by issues such as lower gravity, weight restrictions, transmission
delay, and the inability to easily send assistance. Even on Earth, similar en-
vironments are mechanically challenging, requiring significant modifications
to vehicles, and even then still often result in failures. As difficult as getting a
rover to the surface of Mars may be, ensuring it can effectively move across
the surface is also a substantial challenge, requiring careful design and testing.

This sets up our fundamental problemdlocomotion across a highly var-
iable and unpredictable combination of rocks and sand (Fig. 10.1). The vari-
ability is a key componentdthe natural model animal (since this involves
active locomotion at large sizes) must not be a “specialist,” capable of
only moving in a limited subset of terrain, but rather a “generalist” that in-
habits a wide range of similar terrains on Earth. Consequently, the animals
that inhabit such locations represent an excellent pool of potential models
for biomimicry.

10.3 Searching planetary analogs for a natural model

To test the abilities of rovers, NASA uses not only testing in carefully
controlled environments but also “field testing” at a wide range of sites. These
locations are selected for similar terrain to the target location, including sand
and rocks in various proportions, etc. The American Southwest is a common
site due to accessibility for US research teams, with sites such as the Mojave
Desert [21e23], the Rio Puerco Valley [24], the Tonopah Basin [25], and
the Colorado Plateau [26,27]. Sites outside the continental United States
include the Atacama Desert in Chile [28e30] and Tenerife Island [31,32].
Several high-latitude sites are used as well [33e35], but these support very
few animal species due to the extremely low temperatures and minimal plant
life, and thus will not be considered further.

Despite their reputation, deserts are far from devoid of life and are
inhabited by a plethora of animals (e.g., birds, rodents, lizards, beetles,
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spiders), some of which may come as a surprise, including frogs, chameleons,
snails, and shrimp [36e39]. Indeed, when faced with the surprising diversity
of species that inhabit the testing sites mentioned above, we find ourselves
paralyzed by an overabundance of choice for model systems. Thus, it is
necessary to prune this diversity according to three main questions. First,
is this system suitable for our purposes, or are key aspects of its biology
difficult or impossible to replicate on other worlds? Second, is this model
system present in unusually high abundance or diversity in the sites
mentioned before, indicating something about its biology predisposes it to
success? Finally, is this factor relevant to our objectives, or is it an unrelated
aspect of the model system’s biology?

We can demonstrate the usefulness of these criteria by showing excluded
cases. For example, on the basis of the first question, we can exclude flying
birds, despite their abundance at many of these sites, as the absent or minimal
atmosphere at most candidate locations for exploration either precludes
aerodynamic flight or would require a body form so different that animals
would be a poor guide (e.g. flapping vs rotors) [40,41]. The second question
would preclude groups such as amphibians and mammals; while both exist
in deserts, the high daytime temperatures and minimal water present
extreme physiological challenges to both groups, and they correspondingly
show low abundance and species diversity relative to other habitats of these
taxa [42,43]. The third question explains why desert lizards would be poor
models, as their success in deserts is mostly attributable to the ability to
tolerate significant perturbations from ideal body temperature and water/so-
lute balance, a trait shared with all other lizards [44].

Among desert animals, one model system stands out but is frequently
overlooked (often literally): snakes. Despite their secretive habits, snakes
are present at high population densities even in deserts; sidewinder rattle-
snakes (Crotalus cerastes) can reach densities of roughly 10 snakes per hectare
in the Sonora desert [45], while other species in habitats such as wetlands
may reach over 17 times that density [46]. Similarly, while habitats with
higher primary productivity such as rainforests and wetlands show the high-
est species richness, arid and desert environments are often home to dozens
of snake species [47e49]. These include diverse lineages such as vipers, ela-
pids (e.g., coral snakes, taipans), henophidians (e.g., boas, pythons, and sand
boas), and a wide range of colubrids (e.g., coachwhips, shovelnose snakes,
and king snakes). These taxa show a similarly broad range of life histories
and habitats, from sit-and-wait ambush predators to burrowers to fast-
moving active foragers to versatile generalists. The American Southwest,
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the site of many of the field tests mentioned before, has a tremendous diver-
sity of snake species [50], and even the Atacama Desert, the driest non-polar
environment on Earth, is home to the Chilean long-tailed snake (Philodryas
chamissonis) [51]. And while some unrelated aspects of their biology predis-
pose them to success in desert environments, such as their tolerance of a
wide range of physiological states, slow metabolism, and a feast-and-famine
diet, one of their most crucial advantages is also our design objectivedthe
ability to move effectively, robustly, and rapidly across a wide range of ter-
rains representative of those found on rocky extraterrestrial bodies such as
the Moon and Mars.

10.4 Snake locomotiondturning obstacles into
advantages

Snakes are the indisputable masters of locomotion through cluttered,
complex, and confined environments [52]. While limbed animals of many
taxa and body plans decrease speed as they negotiate more cluttered terrain
[53e57], snakes increase speed considerably in all but the most tightly
confining clutter [58]. Their small diameter relative to their mass allows
them to move through existing tunnels and cracks in their habitats that would
be inaccessible to limbed animals of comparable mass, while also creating bur-
rows of their own with greater ease [60]. Furthermore, snakes excel at
traversing highly complex habitats, such as loose, inclined sand or discontin-
uous, branching tree limbs [17,61,64]. Finally, despite their lack of limbs, snakes
are capable of a wide range of nonlocomotor behaviors to interact with other
objects and their environment, including striking, grasping, and, in some cases,
disassembling prey and constructing nests from vegetation [67e70].

Possibly the strongest evidence for the advantages of the snake body plan
is the extremely high frequency of convergent evolution. While limbs have
evolved only a handful of times (<6, depending on how one defines
“limb”), elongate limbless or functionally limbless forms have evolved
over two dozen times just within lizards, snakes merely being the most suc-
cessful [71]. Beyond reptiles, there are five independent convergences in
amphibians and early tetrapods, dozens more in fish (e.g., eels), and the
tremendous diversity of worms [72]. Nor are these lineages all recent;
wormlike creatures are the earliest mobile multicellular species, and shortly
after the first vertebrates ventured onto land, three lineages lost those hard-
won limbs and evolved into snake-like forms [73,74,77]. These repeated
evolutions of elongate, limbless forms are typically associated with

266 Henry C. Astley



burrowing (e.g., caecilians, amphisbaenians), dense vegetation (e.g., Ophi-
saurus, Pygopodidae), or otherwise spatially complex environments (e.g.,
eels) [78,79]. While some of these lineages consist of only a few species
(e.g., Chamaesaura sp.), others include dozens or hundreds of species, and
Serpentes includes over 3600 species with nearly global distribution
[75,79]. Indeed, elongate, functionally limbless terrestrial vertebrates almost
outnumber nonflying mammals and comprise nearly 20% of all terrestrial
vertebrate species [52]. This profusion of species serves as further evidence
of the success of the limbless body plan for movement in cluttered, complex,
and confined habitats.

The key to the remarkable locomotor abilities of limbless taxa is their use
of multiple modes of locomotion (Fig. 10.2). Limbed animals typically have
only a few modes of locomotion (e.g., walking, running, and galloping),
which are selected based on speed [80,81]; the many subtle variations of
these broad categories display remarkably similar fundamental dynamics
[82]. In contrast, snakes select different modes of locomotion based on the
structure and mechanics of their environment [61,85], and each of these be-
haviors at minimum is adapted to the specific challenges of the terrain and at
best turns those challenges to the snakes’ advantage. While recent work has
shown that there is considerable variation within each mode in terms of ki-
nematics and mechanics [86], for clarity and continuity with prior literature,
we will discuss these modes in terms of four primary categories (Fig. 10.2).
The vast majority of the work on limbless locomotion has focused on snakes;
thus they will predominate this review. Furthermore, many limbless taxa
outside of snakes are capable of only a subset of these modes [78].

10.4.1 Lateral undulation
Lateral undulation, commonly referred to as “slithering,” is by far the most
common mode of limbless locomotion, across species (within and beyond
snakes) and in apparent frequency of use, as well as being the fastest
[60,61,79,86,87]. In this mode of locomotion, the snake passes alternating
left and right lateral bends down the body, propagating from head to tail
(Fig. 10.2A) [60,61,79,86,87]. These bends collide with irregularities and
objects in their environment (e.g., rocks, sticks, vegetation, etc.), which
generate equal and opposite reaction forces to oppose the motion of the
snake’s body (Fig. 10.2A) [88]. The vector sum of these reaction forces is
the net forward force, propelling the snake through the environment
[88]. This mode of locomotion is also not limited to rigid environments,
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Figure 10.2 Modes of terrestrial snake locomotion. All image sequences move from left
to right. (A) Lateral undulation (“slithering”), used in cluttered habitat. Posteriorly prop-
agating bends press against objects in the environment to generate forward force;
speed increases with “clutter” density. Darker outlines occur later. (B) Concertina,
used for narrow tunnels and tree branches, showing extended, forward-moving
body regions and flexed, static anchor regions (gray). Image sequence proceedes
from top to bottom. (C) Rectilinear (lateral view of body segment shown), in which
propagating regions of skin are lifted and moved anteriorly, then lowered (static
ground contact in gray), and retracted. Image sequence proceedes from top to
bottom. (D) Sidewinding, used by several species in sandy deserts. Posteriorly propa-
gating, offset waves of lateral bending and vertical lifting and lowering produce prop-
agating regions of static contact (gray) and lifted movement. Image sequence proceeds
from left to right. Credit: Author.



and a modified version is used during swimming and for both moving on the
surface of and burrowing beneath sand [19,63,89e91], though the body
waves interact with larger areas and produce distributed reaction forces.
The precise shape of this waveform is extremely variabledwhile some
sand specialists use extremely regular, stereotyped waveforms, most species
pass irregular pulses of curvature down the body, which vary in wave size
and peak curvature (Fig. 10.2A) [92]. The control mechanisms behind these
waveforms remain unknown.

Lateral undulation is the predominant mode of locomotion in cluttered
habitats such as dense vegetation (terrestrially or arboreally), loose leaf litter,
and rocky habitats, including incline up to and even beyond vertical
[60,61,79,86,87,93]. As habitats become more cluttered with obstacles, this
provides the snake a wider range of contact points for effective lateral undu-
lation, allowing them to potentially generate greater forces or select only the
most effectively positioned contacts, resulting in increased speed [58]. There is
a critical density at which the snake is so constrained that it can no longer un-
dulate [58], but this density is very high due to the small path laterally undu-
lating snakes take through the environment, with each point on the body
largely following the path of prior points [58e61] (Fig. 10.2A). Thus, as noted
earlier, during lateral undulation, the environmental heterogeneities, which
would be obstacles to limbed location, instead become propulsive push points
for snakes, turning the potentially detrimental features of their habitat into
benefits (Fig. 10.2A) [58,88]. Recent work has shown that snakes can use
the same mechanism in the vertical plane, using vertical undulations to
generate propulsive reaction forces from suitably oriented environmental het-
erogeneities [59]; further preliminary work shows that snakes can combine
both lateral and vertical waves to move through three-dimensionally complex
environments. Correspondingly, most snakes will perform lateral undulation
whenever possible, switching from other modes of locomotion to lateral un-
dulation as soon as they encounter bends in a tunnel or secondary tree
branches [60,66]. Conversely, snakes frequently have significant trouble
crossing any smooth surface devoid of push points, such as linoleum and suf-
ficiently smooth asphalt, forcing them to either resort to other modes of loco-
motion (rectilinear or flat-surface concertina) or rely on the directional
frictional anisotropy of their scales to make slow, inefficient progress [94].
However, evolution can only act based on selective pressures it encounters,
and these exceptionally flat, uniformly smooth substrates are never found in
nature, so the difficulties of snakes on smooth, flat, rigid surfaces should be
no more surprising than the inability of so many otherwise capable mammal
species to escape the clutches of the La Brea Tar Pits.
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10.4.2 Sidewinding
In stark contrast to the ubiquity of lateral undulation, sidewinding is the
rarest form of limbless locomotion, confined only to a handful of viper spe-
cies and a few water snakes (though a wider range of species will perform
rudimentary approximations of this behavior under specific conditions)
[12,17,61,95,96]. This mode of locomotion is tightly associated with loose,
yielding, granular substrates [12,17,61,95,96], often in habitats that bear
striking similarities to likely rover destinations on Mars or the Moon.
Despite its rarity, this mode of locomotion is fundamentally most similar
to lateral undulation: Lateral undulation consists of waves of posteriorly
propagating horizontal bending, and sidewinding simply superimposes a
wave of vertical bending, offset from the horizontal wave, which lifts and
lowers the body [12,97e99] (Fig. 10.2A,D). This offset is typically either
�p/2, and thus all of the lowered segments are parallel, as are the lifted
ones. As a consequence, segments of the body are lifted off the ground,
moved forward, and placed onto the ground again in a sequence which
propagates down the body, resulting in purely static contact with minimal
slip and leaving a unique trackway of disconnected parallel lines across the
desert sands [61,96,100,101] (Fig. 10.2D).

This combination of two body waves has been suggested to be the pri-
mary control mechanism of sidewinding, and implementing this template
in a robot with alternating vertical and horizontal motors results in side-
winding locomotion [12,97,99]. Furthermore, modulating these waves
appeared to produce a wide range of behaviors in the snakes, which can
then be reproduced in robots [12,99]. Ascending inclined sand is particu-
larly difficult due to the reduced force threshold before yielding, yet side-
winder rattlesnakes (Crotalus cerastes) can ascend any slope the sand can
form, including the “avalanche angle” (beyond which any further tilt
will result in avalanches that reduce the angle) [12]. This is accomplished
in sidewinders by reducing the amplitude of the vertical wave, putting
more of the body in contact with the ground and thereby spreading their
weight across a larger surface of the sand to prevent yielding [12]. When
implemented in a robot, it was able to ascend almost every angle the side-
winder was capable of (though not the avalanche angle), whereas the robot
was unable to ascend a 5 degrees sand slope without modulation [12]. Simi-
larly, sidewinder rattlesnakes (and sidewinding robots) can achieve remark-
able maneuverability despite this simple control mechanism by using two
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further modulations: gradients of increasing or decreasing horizontal wave
amplitude from head to tail to produce gradual turns over many cycles, and
a sudden “flip” of the vertical wave (a 90 degree angle phase shift) to cause a
rapid direction change [99]. Finally, unlike lateral undulation, environ-
mental heterogeneities can obstruct sidewinding due to the broad “path”
it must take through the environment (Fig. 10.2D). While even low den-
sities of obstacles can impede sidewinding locomotion, and high densities
can force snakes to use other modes, sidewinder rattlesnakes can modulate
their waveform to negotiate certain obstacles with less loss of speed than
resorting to concertina locomotion [102].

The rarity of sidewinding has been a puzzle for many researchers in their
field. This mode of locomotion is nearly as fast as lateral undulation [61],
similar in both kinematics and muscle activity patterns [61,90,98], and re-
quires lower energy expenditure than most other modes of terrestrial loco-
motion (limbed or limbless) [103], with consequently high endurance [103],
which allow snakes to roam extensively and maintain large home ranges
[104,105]. While the vulnerability of sidewinding to disruption by obstacles
explains the lack of sidewinding outside of open, sandy habitats [102], this
does not explain why the numerous nonsidewinding snakes in open, sandy
deserts lack this mode, nor why it is so closely associated with vipers. Exper-
iments with the locomotion of a broad range of snake species on sand
revealed that the effectiveness of lateral undulation on sand depends upon
both body form and kinematics: shallow waves produce more yielding in
the media and ultimately leave the snake straded, and having a relatively
thicker body accentuates these difficulties [12,17,19]. Vipers, which are
generally thick-bodied, have particular trouble moving on sand, especially
if inclined, while snakes from a wide range of other taxonomic families
are able to make reliable progress via lateral undulation (or resort to concer-
tina locomotion) [17]. Thus, it seems that sidewinding is the product of ne-
cessity, representing the only way for vipers to invade sandy habitats, yet,
once it evolves, it is superior to lateral undulation in these habitats in most
respects [17].

10.4.3 Concertina
Concertina locomotion is extremely widespread across species, within and
beyond snakes [61,79,85]. However, unlike lateral undulation, few species
use concertina as a primary locomotor mode; instead, concertina locomo-
tion is often a “last resort” when other modes fail or are mechanically
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infeasible. It is most often associated with moving through narrow tunnels
with parallel walls, such as some rodent burrows, as this environment has
no surfaces to generate anteriorly directed forces for lateral undulation
[60,61] (Fig. 10.2B). Similarly, when moving on cylindrical branches with
no secondary branches or bark irregularities, snakes will perform a variant
of concertina locomotion [65]. However, when such surfaces appear (in
the form of bends in the tunnel or “obstructions” such as penetrating roots
or secondary branches), snakes immediately switch to lateral undulation
[66,88]. Conversely, non-sidewinding snakes moving on sand at progres-
sively steeper inclines will move via lateral undulation until they fail to
generate forward progress, at which point they will switch to concertina
locomotion with variable success [17].

This preference is due to the mechanics of concertina locomotion and
the consequences thereof. During tunnel concertina locomotion, a snake
will extend its anterior body into the tunnel in a nearly straight posture
and then begin to bend laterally until the body firmly anchors against the
walls of the tunnel (Fig. 10.2B) [61,62,86,106]. This region of flexed
anchoring will propagate posteriorly along the body, forming more anchor
points against the tunnel walls (Fig. 10.2B) [61,62,86,106]. Before the region
of static contact has reached the tail, the anteriormost points will begin to
straighten, losing their grip on the tunnel wall and being pushed forward
while securely anchored by the posterior contact points (Fig. 10.2B)
[61,62,86,106]. This region of movement will continue to propagate poste-
riorly, involving more and more of the snake, until at some point before the
most posterior anchor points are lost, the anteriormost segments will again
flex and anchor; the relative sizes of these waves along the body vary with
tunnel conditions [60,61,65,66,86,107] (Fig. 10.2B). Thus, in concertina
locomotion, portions of the body are repeatedly stopped and accelerated,
and a substantial amount of force is generated to actively press against the
tunnel walls or pinch inward on a tree branch [60,61,98,108]
(Fig. 10.2B). As a result, concertina locomotion is one of the slowest modes
of snake locomotion [60,61], and animals pay a very high metabolic cost
with consequently low endurance [106,109]. However, despite these draw-
backs, concertina is a robust mode of locomotion, able to achieve forward
progress in environments that are not otherwise traversable, and thus sees
widespread use across and within limbless taxa.
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10.4.4 Rectilinear
Rectilinear locomotion is a particularly unusual mode of locomotion, and
one of the least studied. Unlike the other modes, which are driven by
bending of the body, rectilinear is driven solely by motions of the skin,
with the skeletal system remaining fixed [110]. During rectilinear locomo-
tion, a given segment of skin is lifted clear of the substrate and moved ante-
riorly via the shortening of a muscle which originates on the ribs anterior to
the given skin segment and runs posteriorly and ventrally to the skin [111]
(Fig. 10.2C). When this muscle relaxes, the segment of skin lowers to the
ground, at which point another muscle, originating on the ribs posterior
to the skin segment and running anteriorly to the skin, pulls posteriorly
[111] (Fig. 10.2C). This causes the large ventral scales on the skin to engage
with the substrate and anchor, and the body to be pulled forward [111]
(Fig. 10.2C). This action is repeated in waves running down the body
(Fig. 10.2C), creating an impression similar to an earthworm’s peristalsis
or a millipede’s legs; in fact, the second analogy led to early suggestions
that the ribs were moving within the body like a millipede’s legs, though
subsequent investigation with X-ray cineradiography showed that this to
be false and that the skeleton is immobile as it is pulled forward [110].
This mode of locomotion is by far the slowest [110e112] but allows snakes
to move through spaces far smaller than other modes, including those
smaller than their body diameter due to their highly mobile ribs. While
almost all snakes are capable of rectilinear, it is most often seen in heavy-
bodied snakes such as terrestrial vipers and large pythons, as well as the sub-
terranean amphisbaenians (“worm lizards”). Unfortunately, little more is
known about its use in natural settings.

10.4.5 More than four modes
As noted earlier, this four-mode classification is overly simple, obscuring large
diversity within each mode as well as intermediate and combination behaviors
[86]. The broad heading of “concertina locomotion” contains a tremendous
diversity of behaviors with substantially different kinematics and mechanics,
including flat-surface concertina, tunnel concertina, and arboreal concertina,
the latter of which varies substantially among taxonomic groups [61,65,86].
Furthermore, several snake species have been observed to use an “intermedi-
ate” mode of locomotion between sidewinding and lateral undulation (facil-
itated by the electromyographic and kinematic similarities between the two
modes) [61]. However, combinations can be even more complex, as snakes
can readily be observed using concertina and rectilinear locomotion with
different parts of their body simultaneously.
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10.4.6 Unknowns
While our knowledge of limbless locomotion continues to expand, there are
still a great many areas in which we have little or even no knowledge. While
the external body motions are frequently characterized, we know the forces
involved in only a few cases [63,88,108]. And while a few control targets
have been hypothesized from kinematics in biological snakes [12,99,107],
most of the work on control has come from the robotics community
[113e121]. Furthermore, most work examines snake locomotion from a
broad, whole-body perspective that focuses on axial motion, but snakes
are capable of considerably altering their interaction with surfaces via
muscular actuation of the skin [93] and by motions of their highly mobile
ribs [122,123]. This represents a small sampling of the many unknowns
that remain in snake locomotion, and much remains to be discovered [52].

10.5 Replicating snakes’ successdbio-inspired snake
robots

The amazing abilities of snakes to move through otherwise difficult
and inaccessible terrain have not escaped the keen eye of the robotics com-
munity, ever vigilant for a solution to the problem of unstructured terrain.
Pioneered by Shigeo Hirose at the Tokyo Institute of Technology [115], the
field of “snakebots” has generated continual interest over the years, resulting
in slow but steady advancements in capabilities [124e126]. Although a full
review of snake-inspired robotics, their capabilities, and recent advances is
beyond the scope of this chapter, I will give a broad overview of the topic
to orient the reader.

Most snake-inspired robots have been driven by servomotors (8e24 or
more) positioned such that the axes of the motors are the axes of rotation
for intersegment joints (Fig. 10.3) [124,125,127]. Some robots are capable
only of lateral motion and thus orient all motors identically, while others
use both horizontal and vertical motors to achieve motion in both direc-
tions, as in sidewinding (Fig. 10.3) [124,125]. Indeed, many snake robots
are designed for and only capable of a single mode of locomotion, and while
all forms of snake locomotion have been implemented in robots [124,125],
no robot has yet been programmed that is capable of all modes. However, to
consider this a shortcoming would be to mistake the purpose of these robots:
rather than serving as prototypes, these robots should be considered as lab-
oratory equipment designed to test specific hypotheses, such as the benefits
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and costs of various control mechanisms (Fig. 10.3) [124,125]. Instead, cur-
rent snake robots should be viewed as representing incremental progress to-
ward more fully functional and eventually deployable devices.

There are a wide range of control strategies that are implemented in
snake robots, and, to date, none has emerged as clearly superior (hampered
by our lack of knowledge of locomotor control in biological snakes). One
common strategy is centralized control, in which the motors receive inputs
from a single source, which is capable of integrating feedback from any-
where on the body (or no feedback, in the case of purely feed-forward sys-
tems) [12,19,99]. This latter option is the simplest, in which motors are
commanded to a series of positions over time, often Hirose’s famous “serpe-
noid” curve, producing a very “rigid” snake robot [12,19,99]. While this
lack of feedback would not be desirable for the purposes of motion through
natural environments, it ensures high repeatability of robot motion in cases
where the robots are being used as experimental devices for certain hypoth-
eses, such as the consequences of particular kinematics in a given environ-
ment [128]. A more common form of feedback in these robots is various
types of “compliance” in their position control, including deformations of
the target waveform based on external force, computational control of mo-
tor torque, and mechanical springs in series with the motors themselves
[120]. These compliant systems have often produced superior performance
to their more rigid counterparts, particularly on uneven terrain or when
dealing with obstacles. The currently most advanced form is a bio-
inspired “asymmetrical compliance,” based on Jayne’s observations of

Figure 10.3 An example of a snake-inspired robot, from the author’s lab, consisting of
24 Dynamixel XL-320 servomotors (12 horizontal and 12 vertical), and capable of lateral
undulation, sidewinding, and concertina locomotion. Credit: Author.
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predominantly unilateral muscle activity patterns in snakes during locomo-
tion, resulting in high compliance to forces in the direction of motion and
high stiffness against forces opposing it [102].

These strategies are contrasted by decentralized control, in which the
motor at a given joint has only local information, such as positions, torques,
and external environmental contacts and forces at nearby joints, as well as
instructions passed down from anterior motors. As a consequence, informa-
tion from locations far from a given joint will have no direct effect on that
joint, and conversely, the modification of a given joint’s behavior will only
be passed to other local joints (often in a posteriorly propagating wave).
There are a tremendous variety of implementations of decentralized control,
dating back to Hirose’s first snake robot [115], many of which continue to
show great promise. In their simplest form, the motors may simply transmit
goal positions posteriorly along the body with some lag between segments;
this goal position may be fixed or may be adjusted based on environmental
feedback [115]. Another strategy is to control the rate of change of bending
instead of position, as this minimizes forces and cost of locomotion
[118,129]. A more bio-inspired control strategy is central pattern generators
(CPGs), which have become increasingly popular in robotics, including
snake robots [130e132]. CPGs emulate populations of neurons in the ani-
mal spinal cord, which generate rhythmic outputs and which can be linked
by excitatory and inhibitory connections to other CPGs as well as sensory
feedback [133e135]. Finally, there has been extensive recent work from
the Ishiguro-Kano Lab on “Tegotae controllers,” in which propagating po-
sitions are modified by comparing the contact forces on each side of the
segment to the expected responses [116,117,136,137]. This form of control
not only allows for autonomous, dynamic interactions with pegs during
lateral undulation [116,117,136,137] but also spontaneously produces con-
certina locomotion when confined to a tunnel [113].

Despite many recent advances, snake robots still face substantial chal-
lenges before replicating the locomotor performance of biological snakes,
in terms of both speed and the range of environmental conditions that
they can traverse. Some of this is simply due to technological limitations
in actuators and control: Most snake robots have far fewer degrees of
freedom than biological snakes (which can have 100e400 body vertebrae),
and modern actuators cannot match the power, versatility, and size indepen-
dence of biological muscle. In most cases, actuators cross only a single joint,
despite snakes having highly multiarticular muscles that span numerous
joints [138e140], which has been shown to improve locomotor
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performance in the few cases examined [114,140]. But perhaps the biggest
impediment is simply the vast gaps in our knowledge of biological snake
locomotion. Only minimal data are available on muscle contractile proper-
ties, muscular anatomical data (lever arms, multiarticular spans, cross-
sectional area), and the role of active deformation of the skin during
locomotion. Furthermore, in stark contrast to the tremendous body of
work on the control of snake robots, there is no information at all about
the neural control mechanisms of snake locomotion. However, the methods
and instruments for addressing these limitations are neither particularly diffi-
cult nor rare; the limiting factors have only been the number of snake loco-
motion researchers and commensurate funding. This, along with recent
advances in the field and increasing partnership between the robotics and
biomechanics communities, suggests that functionally useful snake-
inspired robots are an imminently achievable goal.

10.6 Applications and mission profiles

The potential roles of snake robots in extraterrestrial exploration are as
diverse as their locomotor capabilities. While this section will present several
possible functions for snake robots, as well as particular missions and sites of
interest for which snake robots would provide an advantage over existing
technologies, this is not meant to be an exhaustive list, and the range of po-
tential uses likely even exceeds what is seen in biological systems.

The most intuitively obvious deployment method for a snake-inspired
robot would to be paired with a much larger main rover, with the snake
robot functioning as a versatile tool for exploration of rocky and sandy en-
vironments, moving extensively around the rover to explore the environ-
ment and retrieve samples for analysis by rover-housed instruments. This
offers a number of advantages and minimizes the impact of several limita-
tions of the snake robot system. The simplest and clearest advantage is
that the rover would no longer need to risk traversing particularly difficult
terrain to access scientifically interesting sites of samples, as the snake robot
could instead navigate to these sites and retrieve samples for analysis. For this
function, the snakebot could be equipped with only minimal sensors and
tools beyond those necessary of locomotion, such as a camera, gripper, scoop
(for loose material), and possibly a small drill, with all major analysis instru-
mentation being housed in the rover. This would minimize the instrumen-
tation needed to fit within the snakebot, as one of the constraints of the
snake-like body plan is an overall lack of space, so much so that in biological
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snakes, many paired organs are either offset from each other (kidneys,
ovaries) or one of the pair has been reduced or eliminated (as in the vestigial
or absent left lung) [75]. Conversely, this compactness has its own advantage,
allowing even large snakes to fit into surprisingly small spaces; the author’s
2.2-kg, 2.2-m lab outreach snake (“Penumbra/Penny”, Orthriophis taeniurus
friesi) can easily fit into aw0.006 m3 hide, suggesting the addition of a snake
robot to a mission would require only modest weight and space.

The ability of snakes to negotiate and access cluttered, confined, and
complex environments would tremendously increase the access to not
only difficult terrain but even features of otherwise accessible terrain. A
snake robot could burrow beneath the sand to retrieve deep samples, crawl
into narrow cervices to sample from deep within rock formations, or even
use its body to shift smaller rocks aside and sample directly beneath them.
Steep rock faces pose little obstacles to biological snakes, which can ascend
even vertical surfaces with little difficulty if sufficient push points are present
for lateral undulation, or anchoring surfaces can be found for concertina,
such as a vertical crack [65,66,93]. The aptitude with which snakes move
through narrow tunnels could also aid in the exploration of lava tubes on
both the Moon and Mars, particularly smaller ones currently inaccessible.
This list of possibilities should not be considered exhaustive, since snakes
are extraordinarily capable of moving in novel mechanical circumstances,
as any exasperated snake keeper who has recovered an escaped pet from
strange locations can attest to.

One particular site of keen scientific interest warrants special attention:
the Martian recurring slope lineae. Recurring slope lineae (RSL) are one
of the most fascinating features of the Martian landscape, showing character-
istics consistent with the flow of liquid water [141e144], and thus may pro-
vide valuable insights into Martian geology and subsurface ice deposits
nearby. However, RSL are located on steep granular regolith slopes
(25e40 degrees, [144]) beyond the capabilities of rovers [145], preventing
direct access for sampling [146] and limiting observations to remote sensing
[147e149]. As noted earlier, inclined granular substrates are particularly
challenging to traverse, with a very narrow range of loading conditions
that avoid yield and avalanche [12,13]. A recent assessment found that
most methods of approach were infeasible or undemonstrated, noting the
high slip of rovers when ascending steep granular inclines, and suggested
descent (either tethered or untethered) [20]. However, sidewinder rattle-
snakes have been demonstrated in the lab to ascend loose granular inclines
of up to 28 degrees (the avalanche angle of this granular media) with
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minimal slip [12], and wild sidewinding snake species have been seen scaling
even steeper granular slopes. Similarly, a snake robot was capable of
ascending 20 degrees slopes of the same media, also with minimal slip,
despite a relatively low number of joints, heavy body, and no sand-
specific modifications beyond a rubberized skin to protect the internal
mechanisms [12]. Additionally, lateral undulation can also generate very
effective ascent of granular slopes of up to 20 degrees in half of nonvipers
tested, providing an alternative locomotor choice for ascent [17]. While
the method of slope descent in sidewinding has not been observed, the au-
thor’s unpublished laboratory observations show that lateral undulation al-
lows rapid but controlled descent of even avalanche angle slopes. This
combination of demonstrated biological and technological capacity, while
under full Earth gravity, suggests that a snake robot capable of sidewinding
would be an ideal platform for sampling RSL.

In addition to these exploration and sample retrieval possibilities, a snake
robot could aid the rover both directly and indirectly. Most directly, if
equipped with suitable tools and sufficient control, a snake robot may allow
limited repairs and maintenance in the field, particularly simple yet useful
tasks such as removing debris, inspecting damage, or simple external repairs.
More indirectly, the snake robot could also serve an additional safeguarding
function by traversing terrain ahead of the rover. Given known parameters
about the snake robot’s geometry, density, and surface properties, it would
be possible to infer some properties of the sand it moves through from sub-
sequent image analysis of the tracks, such as packing fraction and yield force.
This information could forewarn the rover of unexpected heterogeneities in
sand properties, such as the patch of loose sand which mired the Spirit rover,
while the snake robot could safely negotiate the area of loose sand via
switching locomotor mode to sidewinding or even by swimming beneath
the sand as in some desert snake species [63]. Depending on size and
strength, the snake robot may even be able to move some rocks out of
the path of the rover, if needed.

10.7 Conclusion: Bio-inspired snake robots for
extraterrestrial exploration

By applying the basic process of bio-inspired design, this chapter has
demonstrated that snakes are an ideal model for an extraterrestrial explora-
tion tool. Rovers exploring other worlds face numerous environmental
challenges to effective motion, such as uneven rocky and sandy terrain,
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which are replicated in various locations on Earth. Snakes thrive in many of
these locations (temperature permitting) in part because their locomotor
repertoire is specifically adapted to cluttered, confined, and complex terrain.
Their diverse array of locomotor behaviors allows snakes to easily traverse
terrains which are difficult or impossible for wheeled vehicles or limbed an-
imals and even turn the very obstacles that hinder limbed motion into ad-
vantages for limbless motion. While their compact body form precludes
carrying extensive instrumentation within the snake robot itself, this same
trait means that adding a secondary snake robot to a rover would require lit-
tle in terms of additional weight and space. This snake robot could dramat-
ically increase the capacity of the rover for exploration and sample retrieval,
accessing areas beyond the reach of surface rovers such as the potentially
water-bearing recurring slope lineae on Mars. Just as their elongate, limbless
body form and diversity of locomotor modes have led to evolutionary and
ecological success for biological snakes on Earth, these same advantages will
ensure similar success for snake robots in exploring other worlds.
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CHAPTER ELEVEN

Biomimetic advances in
photovoltaics with potential
aerospace applications
Lyndsey McMillon-Brown
NASA Glenn Research Center, Photovoltaics & Electrochemical Systems Branch, Cleveland, OH, United
States

11.1 Introduction

Solar cells, or photovoltaics (PV), may be the oldest of biomimetic tech-
nologies. Plants use sunlight to convert carbon dioxide (CO2) to sugars for fuel
via a chemical process called photosynthesis. Nearly any artificial route to har-
vesting sunlight to generate energy is bio-inspired. Solar cells are solid-state de-
vices that convert sunlight to electricity. Solar cell technology was enabled by
the PV effect, discovered by Edmond Becquerel in 1839 [1]. In 1883, Charles
Fritts developed a solar cell using selenium placed between a metal sheet and a
thin layer of gold to form a device giving less than 1% efficiency [2]. The first
modern solar cell was introduced in 1954 when Daryl Chapin, Calvin Fuller,
and Gerald Pearson developed the silicon PV cell at Bell Labs [3]. There are
three fundamental requirements for any system to convert solar energy to
useable electricity. First, sunlight must be efficiently absorbed to generate
excited electron states in the photoactive material. Second, the photoexcited
electron and its accompanying electron vacancy must be sufficiently separated
in space to prevent their recombination. Finally, those electrons must be car-
ried through the material to do work in an external circuit [4].

Sunlight consists of a spectrum of photons distributed over a range of en-
ergy. A photon incident on a semiconductor with energy greater than or
equal to the bandgap of the semiconductor can excite electrons from the
valence band (VB) to the conduction band (CB). Incident photons with en-
ergy less than the bandgap are not absorbed; instead, they transmit through
the semiconductor. Incident photons with energy greater than the bandgap
are strongly absorbed, but the excess energy is wasted as heat, as the electrons
quickly thermalize back to the CB energy level. CB electrons are free to exit
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the device via a selective contact collecting CB electrons. These electrons
travel through an external circuit, through which they do work. The
motion of these electrons through the circuit is called the electric current.
The electrons are later restored to the VB of the semiconductor with the
same energy they started with and the process begins again.

11.2 Solar applications in aerospace

The aerospace industry has many suitable applications for solar power.
Current solar applications in aerospace include satellites, long-duration air-
planes, unmanned air vehicles, space exploration vehicles, and spacecraft.
The unlimited availability of solar radiation is promising as the industry con-
siders cost, safety, and environmental impacts. Furthermore, a great degree
of reliability can be achieved through solar cells. Research has enhanced
the performance of cells at both beginning of life (BOL), prior to radiation
exposure, and end of life (EOL) after extended radiation exposure [4,5].
Their operation does not require any moving parts; they can be retrofitted
when necessary. The modular nature of solar cells makes them easy to
replace in the event of localized damage or failure. Solar energy can be uti-
lized as a primary power source in the case of propulsion, where a vehicle’s
motion is driven by solar electric propulsion. Alternatively, solar energy can
be utilized to power secondary elements such as sensors, heating or cooling
critical elements, or conducting telemetry. Terrestrial-based aerospace has
been looking to solar-powered aircraft as the aircraft of the future [5,6].

11.2.1 Background and short history
For space applications, the Sun is the primary source of power generation for
spacecraft operating in the inner solar system. The first solar cells were flown
in space onboard the Vanguard 1, a small Earth-orbiting satellite, launched
in 1958. The Vanguard 1 was powered by six single-crystal silicon cells that
produced a total of about 1 Watt, with 10% power conversion efficiency
(PCE). Vanguard 1’s solar transmitter was last operational in 1964, but to
date, it is the oldest satellite still orbiting the Earth [7]. Since the initial demon-
stration of solar cells serving as power generation on spacecraft, great advance-
ments have been made through intense research effort to increase the
efficiencies and performance of these devices. Currently, the state-of-the-
art triple-junction nonconcentrator solar cells achieve record laboratory effi-
ciency of 37.9% [8]. For deeper space missions, solar concentrator arrays have
been implemented to focus the Sun onto the cell area, facilitating operation
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where light intensity is reduced. Generally, 20e30% of the mass of spacecraft
are power systems, and these systems also account for 20% of the price [9].

As the aerospace industry continues to grow and transform, the need(s)
for solar power continue to evolve. The foremost goals in solar cell devel-
opment always focus on an increase in the PCE and a decrease in the
cost. There also exists a desire to increase both the power-generated per
unit area and the packing density of solar cells. Finally, the reduction of array
mass is of great value to the aerospace community. There have been many
research efforts toward this goal.

11.2.2 Solar cell figures of merit
When determining the efficacy of a solar cell, there are a few critical figures
of merit implemented to discuss the performance. A solar cell’s efficiency
(h) is the ratio of energy output from the cell to input energy from the
Sun (Eq. 11.1). The energy output from the cell is determined as the
maximum power, which is the product of the cells’ open-circuit voltage
(VOC), short-circuit current (ISC), and fill factor (FF). These figures of merit
become apparent when observing the currentevoltage (I-V) curve of a solar
cell as shown in Fig. 11.1.

hP ¼
Pmax
Pin

¼ ISC � VOC � FF
Pin

(11.1)

Figure 11.1 Currentevoltage (IV) characteristics of a solar cell with the figures of merit
illuminated. Credit: Author’s original work; as a U.S. Government work product, this is in
the Public Domain.
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The short-circuit current or ISC is the current through the cell when
the voltage across the device is zero. The ISC is due to the generation and
collection of light-generated carriers. In an ideal cell, the short-circuit cur-
rent is the largest current that can be drawn from the solar cell. ISC can be
impacted by many factors. First, the area of the solar cell: it is common to
report the short-circuit current density JSC in mA/cm2 to normalize the
comparison of cells with varying areas. The physical size of a solar cell im-
pacts the current. The typical aerospace active cell area can range from 1
to 20 cm2. In comparing identical cells, a cell with double the active area
will, in theory, have twice the photogenerated current because it has twice
the junction area where photocurrent is generated. The optical properties of
the photoactive layer and constituent layers of a solar cell can also impact ISC
because these properties determine the amount of light that will be absorbed
into the cell to participate in the energy conversion. Similarly, the number of
photons incident on the solar cell or the intensity of the light source as well
as the spectrum of the incident light influence the ISC.

The open-circuit voltage VOC is the maximum voltage available from
a cell, which occurs at zero current. The VOC can be impacted by the
bandgap of the semiconductor and the temperature under which the cell
is operating. The VOC decreases with temperature. Additionally, reduced
VOC stems from recombination of an electronehole pair, or ohmic
dissipation.

Using both the VOC and ISC, the fill factor, or FF, is a parameter that is
defined as the ratio of the maximum power from the solar cell to the product
of VOC and ISC. The FF graphically is a measurement of the “squareness” of
the I-V curve, so cells with higher V will have higher FF. A cell’s ideality
factor is influential to the resulting FF. The ideality factor (n) gives a measure
of the junction quality and the type of recombination (Auger, radiative, or
ShockleyeReadeHall [SRH]) occurring within a solar cell. In practice, the
FF is also susceptible to any parasitic resistive losses within the cell.

11.2.3 Unique issues for space solar cells
Specifically, for an aerospace application, there are many figures of merit that
are typically considered. The specific power is the ratio of watts generated
to the solar array mass. This is a critical figure of merit (FOM) because mass is
a significant expense in the aerospace industry. This FOM aids in system
selection because it allows the direct comparison of how much
power one array will generate for a given mass relative to another.
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The stowed packing efficiency, especially significant to the space indus-
try, is the ratio of deployed watts produced to the stowed volume. This
FOM indicates how much power can be harvested from a fixed volume
in the launch vehicle. Finally, cost, in dollars per watt, is another FOM
that is critical to the design and selection of solar arrays for aerospace
applications.

Solar cells in space face unique environmental challenges that do not
occur in terrestrial applications. Materials exposed to space are subjected
to the vacuum of space, extreme thermal cycling, micrometeorites,
human-made debris, and bombardment by high-energy particles, including
electrons, protons, ultraviolet photons, and X-ray photons. Space vehicles
are continuously exposed to temperature changes due to changing solar irra-
diation. Thermal cycling can result from a spacecraft orbiting a planet. As the
spacecraft passes in and out of the planet’s shadow, the temperature rises and
falls. Materials may also experience thermal cycling as a result of structural
components casting shadows on other parts of the structure [10]. For space
solar cells, the American Institute of Aeronautics and Astronautics (AIAA S-
111) standards require extreme temperature tests ranging from �175�C to
140�C to ensure the cell can endure harsh temperatures [11].

Space radiation consists of nonionizing (low energy) or ionizing (high
energy) radiation. Solar flares release large amounts of energy including
X-rays, gamma rays, and streams of protons and electrons. Ionizing radiation
includes particles with enough energy to remove an electron from its orbit,
creating a more positively charged atom. Ionizing radiation includes alpha
particles, beta particles, gamma rays, X-rays, and galactic cosmic radiation.
Nonionizing radiation, including radio frequency, microwaves, infrared,
visible, and ultraviolet light, does not have sufficient energy to remove elec-
trons from materials. The radiation of the greatest concern for PV in space
are electrons and protons, and the AIAA-S111 standards require solar cells to
endure 1 � 1016 fluence at 1 MeV electrons per square cm and 1 � 1013

proton fluence at 3 MeV per square cm. The cell degradation is then re-
ported, and the highest proton fluence is expected to cause at least 40%
degradation in the cell performance [11].

Atomic oxygen (AO) is an elemental form of oxygen that does not exist
naturally for very long on the surface of Earth. In space, however, there is
significant ultraviolet radiation, which causes photodissociation of molecular
oxygen (O2) into AO. AO is common in space and has been observed in low
earth orbit, outer space, and Mars [12,13]. The atmosphere in low Earth
orbit is comprised of 96% AO, the concentration of AO increases with
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altitude from 200 to 600 km [14], and space shuttle flights revealed that in-
teractions with AO can produce significant changes in the properties of
many materials surfaces [15]. The degree of observed surface degradation
is directly proportional to the AO fluence, which varies with many mission
factors such as spacecraft orientation and altitude, orbital inclination, mission
duration, and solar activity variation [16]. AO is very reactive with other ma-
terials because the single oxygen atoms quickly bond with molecules and
cause corrosion and damage to the surface of many materials.

Despite the abundance of available solar technologies, the only cells
currently deployed for space applications are crystalline silicon (Si), and
gallium arsenide-based (III-V) single and multijunction solar cells. These
modules are well suited for aerospace applications due to their exceptional
solar-to-electrical PCE and long-duration operational stability in the previ-
ously described harsh space environment. Thin-film solar cells have become
increasingly attractive for potential applications in aerospace due to their
higher stowed packing efficiency (W/cm3), higher specific power (W/g),
and reduced costs. There have been many materials-based research efforts
toward the goal of developing CdTe [17], CdS/CuS2 [18], microcrystal-
line/amorphous silicon tandems [19], Cu(In,Ga)Se2 (CIGS) [20], and
recently perovskite-based cells [21] for deployment in space applications.

11.3 Classes of solar cells

It is possible to categorize solar cells on the basis of their charge gen-
eration mechanism. These two distinct classes of solar cells, conventional and
excitonic, have one fundamental difference in their charge generation
mechanisms. Light absorption in the conventional class of solar cells results
in the formation of free electronehole pairs. In the excitonic class of solar
cells, light absorption results in the formation of an exciton, or bound
electronehole pair, in organic semiconducting materials. This was a surpris-
ing discovery in the field. The methods of charge generation and extraction
have implications on the energy losses that cells experience.

11.3.1 Conventional solar cells
In conventional solar cells, when a photon from the solar spectrum with suf-
ficient energy is absorbed, the exciton binding energy is so small that the
electron and hole can separate, and a current can be produced. This instant
charge dissociation efficiently produces free carriers in the cell. This mech-
anism is an advantage because excitonic solar cells undergo significant energy
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losses through the migration and dissociation of excitons, and charge trans-
port and collection [17,22]. Conventional solar cells typically.

11.3.2 Excitonic solar cells
In contrast, the absorption of light in excitonic cells results in the formation
of excitons in organic materials, rather than the free electronehole pairs
directly produced in inorganic semiconductors such as Si [22]. An exciton
is a bound state of an excited electron and an electron hole, which are
attracted to each other by the electrostatic Coulomb force. Excitons are
electrically neutral quasi-particles best characterized as a mobile excited state,
capable of transporting energy without transporting net charge. An exciton
forms when a photon with sufficient energy is absorbed by a semiconductor.
This excites an electron from the VB to the CB. In turn, a positively charged
electron hole is left behind. The electron in the CB is attracted to the hole by
the repulsive Coulomb forces from the vast number of electrons surround-
ing the electronehole pair. This attraction stabilizes the energy balance. At
this point, one of two outcomes are possible. In the favorable outcome, the
exciton diffuses to an interface, or region known as the depletion region,
within the semiconducting material with localized electric fields strong
enough to split the exciton and collect the electron and hole separately at
their respective electrodes. Alternatively, the exciton decays (the electron
and hole recombine) resulting in no work done to the external circuit.
The decay of an exciton is influenced by the mobility of the semiconductor.
This presents a challenge because excitons have small diffusion lengths
w10e50 nm. This challenge has motivated many clever architectures of in-
terfaces to facilitate exciton separation.

11.3.3 Majority versus minority carrier devices
Excitonic solar cells are majority carrier devices where the primary processes
of carrier generation, separation, and recombination happen at the hetero-
interface [22e24]. Conventional pen junctions are minority carrier devices
in which these processes occur primarily in the bulk of the semiconductor
[22]. Three existing excitonic solar cell examples include organic semicon-
ductors with planar interfaces, bulk heterojunction cells, and dye-sensitized
solar cells (DSSCs). Despite the varying mechanisms through which solar
cells operate, all existing solar cell technologies suffer from optical and elec-
trical losses, which reduce PCE [25].
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11.4 Losses in solar cells

Real-world fundamental efficiency limitation is an ongoing issue in
the field of solar PV. Shockley and Queisser introduced the detailed balance
limit of efficiency. They used the generalized Planck formalism to identify
currentevoltage characteristics where the maximum power point provided
the fundamental limiting efficiency [26]. Wurfel, and other researchers, took
a thermodynamic approach and established limits to PV conversion by
considering energy and entropy fluxes [27]. There are two distinct categories
of losses in solar cells: intrinsic and extrinsic. Both intrinsic and extrinsic los-
ses in a solar cell manifest as either a reduction in current or voltage. Intrinsic
losses are inevitable in a device design, so their effects are included when
calculating the fundamental limiting efficiency. Extrinsic losses such as para-
sitic recombination and series resistance result in a voltage reduction.
Extrinsic losses are also theoretically avoidable and therefore are not consid-
ered in calculations determining the fundamental limiting efficiency.

11.4.1 Intrinsic losses
The intrinsic losses that result in reduced voltage are thermalization, Boltz-
mann, and Carnot losses. The intrinsic losses that result in reduced current
are below bandgap (EG) loss and emission loss both of which limit the num-
ber of available carriers. These losses define the form of a device’s currente
voltage response and lead to fundamental limits in PCE. Thermalization oc-
curs when electrons are excited to a broad range of energy states in the CB
and thereafter transfer their excess energy to the active materials of the
device as they relax to the CB edge. A great deal of energy is lost to heat
during this process. One can consider a solar cell to be a heat engine; the
Carnot factor is considered since the conversion from thermal to electrical
work is an imperfect process that requires some energy to be lost to the at-
mosphere (the cold reservoir) resulting in a penalty [28,29]. The Boltzmann
factor is a consequence of the inequality of absorption and emission angles
that result in an entropy generation process because of the expansion of
photon modes [28,29]. The bandgap, however, is the most important
parameter when determining efficiency.

Incident photons with energy below the bandgap do not have enough
energy to generate an electronehole pair within the semiconductor so those
photons are transmitted in lieu of absorption. Recombination is the opposite
process of charge carrier generation and results in the annihilation of an
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electronehole pair. Radiative recombination occurs when an electron in
the CB relaxes to the VB in a radiative manner, recombining with an empty
state and emitting excess energy as a photon. The emitted photon has energy
equal to or less than that of the initially absorbed photon. The radiative
recombination is deemed unavoidable due to Kirchoff’s law in which ab-
sorbers must also be emitters [27,28,30]. In nonradiative Auger recombina-
tion, the energy of a recombining holeeelectron pair is transmitted to a third
charge carrier. The third charge carrier absorbs both the energy and mo-
mentum and returns to its original state by the emission of phonons
[31,32]. Since this is a three-particle interaction, this is not easily produced,
but it can be enhanced by impurities, highly doped semiconductors, or high
levels of carrier injection [30]. Auger recombination is an intrinsic property
of a material and together with radiative recombination determines the
fundamental limiting efficiency.

11.4.2 Extrinsic losses
There exist many other methods of recombination within a solar cell, but
they are theoretically unnecessary and thus avoidable and are therefore cate-
gorized as extrinsic losses. Extrinsic losses are not considered in calculations
determining the upper limit of a PV device performance. Other nonradia-
tive recombinations are caused by defects and impurities in the crystal lattice
[33]. In SRH or trap-assisted recombination, the discrete energy levels
within the forbidden energy gap of a crystal lattice provide energy levels
for electrons in the CB to become captured before relaxing via recombina-
tion with a hole, resulting in phonon emission [34,35]. Other sources of
extrinsic losses that cause a reduced short-circuit current include unabsorbed
incident radiation, contact shadowing, or reflection. Together, these
extrinsic losses contribute to solar cells operating below their theoretical
limits, which can be observed by comparing theoretical limits and current
cell efficiency records in Table 11.1.

Table 11.1 Comparison between efficiencies for single-junction solar
cells, at solar spectrum AM 1.5.
Material EG (eV) Limit at EG (%) Record cell [8] (%)

c-Si 1.12 33.2 [28] 26.7
GaAs 1.42 33.4 [28] 27.8
CIGS 1.34 33.8 [36] 23.4
Organic 2.17 23 [37] 17.4
Perovskite 1.57 30.5 [38] 24.2
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11.4.3 Approaches to overcoming losses
Each of these sources of loss has unique solutions. Therefore, the majority of
research thrusts for any solar cell technology include means to mitigate losses.
Any reduction in energy losses will also reduce inherent costs. Here, we focus
on the effects of implementing biomimetic solutions to overcome the afore-
mentioned categories of losses. Historically the solar modules implemented
for aerospace applications have been conventional (III-V and Si especially
[17,39]). To date, solutions to mitigate optical losses due to reflection include
antireflective coatings (ARCs) and surface texturing [40e43]. These methods
have proven effective; however, in many cases, they require precise
manufacturing achieved at high costs. It has recently become more apparent,
however, that a variety of applications may provide new opportunities for
excitonic cells as their performance is improved through research advance-
ments. This chapter explores the ways in which bioinspiration, biomimetics,
bioreplication, and bioutilization have been implemented to enhance the per-
formance, operation, and comprehension of PV in aerospace applications.

11.5 Bio-inspired approaches for enhanced
photovoltaics

During the past decade, organic photovoltaics (OPV) have emerged as
a promising technology for photon to electrical energy conversion [44].
Their ease of fabrication at ambient temperatures makes them a low cost
alternative to their inorganic counterparts. Although they offer advantages
such as being flexible, transparent, and lightweight, their PCE is still low
(11.5% current record [45]) when directly compared with conventional Si
devices. One source of the low PCE is the thickness limitation of the active
layer to approximately 100e300 nm. Thicker active layers provide more ab-
sorption, but generally the low charge mobility of the organic semiconduct-
ing materials significantly limits charge extraction for thick layers prior to
recombination [46,47].

11.5.1 Active layer optimization
As previously discussed, reducing optical and electrical losses in PV devices
will result in higher conversion efficiencies. Thinning the photoactive layer
can reduce recombination [48], and tuning the optoelectronic properties of
the electrodes can reduce ohmic losses [49e51]. This presents an optimiza-
tion challenge, as optical losses can be remedied by thickening the active
layer, and recombination is resolved by thinning the active layer [52]. Light
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trapping structures in PV are the most promising technique to enhance the
absorption in the active layer and reduce recombination, thus suppressing
losses and increasing conversion efficiency [17,53].

It is ideal tomaximize the optical path length or distance that an unabsorbed
photon may travel within the device before it escapes from the device. How-
ever, optimum device thickness is not controlled solely by the need to absorb
the light. High-efficiency solar cells must have minority carrier diffusion
lengths several times thematerial thickness for all photo carriers to be collected.
If light is not absorbed within a diffusion length of the pen heterojunction
interface, the light-generated carriers are lost due to recombination [54,55].
A thinner cell that retains the absorption of the thicker device may have a
higher voltage. Therefore, the optimal cell will typically have light trapping
in which the optical path length is several times the actual device thickness.

11.5.2 Integrating natural patterns
Through billions of years of adaptive evolution, nature has evolved unique
but surprisingly elegant solutions enhancing light harvesting in low-light-in-
tensity regimes. Researchers have been exploiting these natural solutions by
integrating nature’s patterns into solar cells either by directly placing nature
into the solar cell or by replicating the patterns in a laboratory. There are
many instances where patterns or species in nature manage or manipulate
light [56e59]. The study of biological microstructures has become an area
of great interest, leading to the design and fabrication of novel materials
for light harvesting and optical applications, including PV.

11.5.2.1 Diatom-based structures
Diatoms, for example, are photosynthetic microorganisms (algae) that are
abundant in nearly every water habitat and even in the bark of trees
[54,55]. To survive in the CO2-scarce environment of the early Jurassic
period [56], they developed a silica (SiO2) skeleton, called a frustule, which
has species-specific transparent cell walls with organized three-dimensional
(3D) nanostructured porous SiO2. There are several examples of diatom-
based structures utilized for solar energy applications [57]. Diatoms have
been deemed advantageous for these applications because they are a pho-
tonic crystal with an absorption spectrum that matures the peak absorption
of chlorophyll A (400e500 nm) and B (600e700 nm), which has evolved to
optimally absorb incident sunlight. The incoming sunlight undergoes a
strong Mie scattering process (Fig. 11.2) and gives rise to the light trapping
effect to enhance the photosynthesis efficiency of the natural diatoms.
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A recent patent by Sandhage and Bao proposes that diatom-based struc-
tures can be used as diodes in silicon-based solar cells [60]. Expanding on the
Sandhage group who pioneered the conversion of diatom-derived SiO2 into
silicon [61], Chandrasekaran et al. have shown that diatom frustules can be
converted into nanostructured silicon, gold-plated, and employed as an
electrode for solar energy conversion and photocurrent measurement [62].
Toster et al. used diatoms as photoanodes in DSSCs (Fig. 11.3A); this archi-
tecture demonstrated a 30% increase in PCE [63]. It has been suggested that
improved light absorption is possible when diatoms are in close vicinity to
the active layer as illustrated in Fig. 11.3B and detailed in Ref. [64].

McMillon-Brown et al. embedded Melosira preicelanica diatoms
(Fig. 11.4) into the active layer of a polymer solar cell to increase light ab-
sorption in thin film devices [65]. This was the first demonstration of diato-
maceous earth as a polymer solar cell active layer additive. Through the
addition of fossilized frustules, the effective PCE increased by 30% while
simultaneously reducing the active layer thickness by 36%. Their observed
light trapping enhancement stems from two effects: (1) the refractive index
contrast between the active layer polymer blend and the diatomaceous earth
particles serves to scatter light within the active layer, and (2) the presence of
diatomaceous earth textures the Ag top contact and improves diffuse reflec-
tion off this surface. This work is summarized in Fig. 11.4.

11.5.2.2 Butterfly-based structures
The butterfly is a poikilothermic species and thus relies on solar heat to
maintain its body temperature. Early research shows that microstructures

Figure 11.2 Diagram of incident light undergoing Mie scattering. Credit: Author’s
original work; as a U.S. Government work product, this is in the Public Domain.
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of some butterfly wings are effective solar collectors [66] or solar blocks [67].
Another instance of nature manipulating light is the Trogonoptera brookiana, a
tropical butterfly whose wings exhibit efficient light trapping [66].
T. brookiana wings are covered by green scales with a beautiful brilliance
on the front and a narrow blue band on the back (Fig. 11.5). Han et al. veri-
fied that the colors of the wing are caused by optical structures, however,
and not pigment [68]. The butterfly’s wing is shingled with tiny structures
called wing scales (type I), which are on the order of 100 mm in length.
The wing also exhibits a quasi-honeycomb-like nanostructure (type II).

Figure 11.3 (A) Schematic representation of the DSSC incorporating diatomaceous
earth. (B) Schematic representation of PTB7:PC71BM-based thin film with the diatom
frustules on the top layer. DSSC, dye-sensitized solar cell. (A) Adapted from J. Toster,
K.S. Iyer, W. Xiang, F. Rosei, L. Spiccia, C.L. Raston, Diatom frustules as light traps enhance
DSSC efficiency, Nanoscale 5 (3) (2013) 873e876, copyright Royal Society of Chemistry
2013. (B) Adapted from X. Chen, C. Wang, E. Baker, C. Sun, Numerical and experimental
investigation of light trapping effect of nanostructured diatom frustules, Sci. Rep. 5 (2015)
11977, Public domain - Creative Commons 4.0 International (CC BY 4.0).
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The period of the quasi-honeycomb-like structure is on the same order of
magnitude as the wavelength of visible light, causing incident light to be dif-
fracted into the scales and absorbed to regulate body temperature.

The joint effect of the interference of type I and the diffraction of type II
causes efficient light absorption by the scales [68]. In addition to the
honeycomb-like structure, they also exhibit a relatively high refractive in-
dex, so they exploit total internal reflection. Total internal reflection is a
phenomena wherein light enters a material, but when the light approaches

Figure 11.4 (A) Scanning electron microscope (SEM) image of pristine diatoms, inset of
periodic pattern with scale bar 1 mm. (B) Solar cell schematic with diatomaceous earth
implemented into the photoactive layer. Credit: Author’s original work; as a U.S. Gov-
ernment work product, this is in the Public Domain.
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Figure 11.5 The macroscopic morphology of the original butterfly Trogonoptera
brookiana wings and field-emission scanning electron microscope (FESEM) images of
original butterfly scales in the triangular green region with different magnifications.
(A) Photograph of butterfly Trogonoptera brookiana. (B) Optical microscopic image of
the green butterfly wing scales. (C) The reflectance spectrum of green region of the but-
terfly wing. (D) FESEM images of butterfly wing scales. (E) The detailed characteristics of
the ridge-groove nanostructure. Reproduced with permission from Z. Han, B. Li, Z. Mu, M.
Yang, S. Niu, J. Zhang, L. Ren, Fabrication of the replica templated from butterfly wing
scales with complex light trapping structures, Appl. Surf. Sci. 355 (2015) 290e297, copyright
Elsevier 2015.
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an interface of that material and an external medium, the light is reflected
back into the material. In further experimentation, Han et al. fabricated
replica templates of the butterfly wing scales facilitating a way to implement
this complex light trapping nanostructure with inexpensive fabrication tech-
niques [69].

Experiments conducted by Zhang et al. implemented wings taken from
two species of butterfly, the Papilio paris and Thaumantis diores, to generate
microstructured photoanodes. They chemically treated the wings from these
butterflies to remove the proteins and salts from them. The wings were then
immersed in titanium sulfate precursor solution [70]. The soaked bio-
template was slowly heated to 500�C, completing the removal of chitinous
substrates, leaving only titanium dioxide or titania (TiO2) ceramic butterfly
wings. They observed that the three different types of wing replicas, with
three different microstructures, exhibited different absorption characteristics
despite the TiO2 components having the same properties. They prove that
the microstructure differences in the photoanodes are the main influencing
factors in the observed absorption spectra differences. This templating pro-
cedure is economically designed for the synthesis of periodic microstructure
titania photoanodes without photolithography, an expensive procedure
requiring significant professional equipment. Furthermore, the quasi-
honeycomb structure has high optical absorptivity, serving as the source
of the butterfly’s black wings, and suggesting this same structure can be
exploited to achieve ultraabsorptive photoanodes. This photoanode
advancement is game changing to the development of DSSCs.

The methods implemented by Zhang et al. will also inform other bio-
template processes and metal oxide systems. These biomimetic metal oxides
could lead to the production of optical or electronic devices and compo-
nents of the future. High-efficiency, low-mass, low-cost devices such as
these will be the building blocks for advanced PV, nanoelectronics, or
photonics-integrated systems.

11.5.3 Bio-inspired dyes and additives
The field of OPV is an application space for low-cost, lightweight, me-
chanically flexible organic-conjugated polymers. Ultranarrow-bandgap
and near-infrared optical absorbing conjugated polymers are of great inter-
est for use in tandem and transparent OPV devices [71]. Indigo 3 is a highly
planar natural dye [72]. When indigo is photoexcited, it exhibits rapid
energy loss through internal conversion, which is unfavorable for OPV
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applications. Functionalized indigoids can achieve enhanced mobilities,
however, with an indigoid achieving 1.3 � 10�2 cm2/V$s up from stan-
dard indigo mobility of 1 � 10�2 cm2/V$s as demonstrated in organic field
effect transistors [73]. Fallon et al. synthesized a novel soluble monomer
(2,9-dihydroxy-7,14-di(thiophen-2-yl)-diindolo[3,2,1-de:30,20,10-ij][1,5]
naphthyridine-6,13-dione or INDT) for use in conjugated polymers that
are based on indigo [74]. The resulting bio-inspired conjugated polymer
material has an extremely narrow bandgap with high crystallinity. OPV
devices with this polymer reached efficiencies of 2.25% and generated a
photocurrent up to 950 nm [74]. This is an exceptional demonstration of
the potential the novel INDT monomer has for near-IR OPV devices.
This proof of concept should encourage the development of similar bio-
inspired dyes.

Highly absorbing materials are required for solar cells, but to achieve a
highly absorptive material, it must also have a high refractive index and
thus a high surface reflectance. Thin-film coatings have been implemented
to drastically reduce reflectance for a narrow range of wavelengths corre-
sponding to the peak intensity of the solar spectrum [75]. Despite the narrow
window of antireflection, these ARCs result in enhanced solar cell perfor-
mance. The ability to achieve antireflection over the broad range of the solar
spectrum at broad angles of incidence would further reduce reflectance and
increase absorption, improving the efficiency of PV devices.

11.5.4 Texturing inspired by nature
Texturing the surface of a solar cell as a means to couple more light and
enhance conversion efficiency has been a well-researched method for several
decades. Commonly implemented textures include pyramids [76,77],
inverted pyramids [76e80], nanopits [81], nanocones [82,83], nanodomes
[84], triangles [85], inverted-cones [86], V grooves [76,87e89], and U
grooves [89,90]. Recently, there has been an emergence of utilizing textures
inspired by natural surfaces. The order ofDiptera has served as a source of bio-
inspiration. Diptera is a large order of insects containing approximately
1,000,000 species including mosquitos, house flies, gnats, and many similar
species. A dipteran’s compound eye consists of many prismatic eyelets called
ommatidia that are arrayed on a curved surface [91]. This scalloped structure
of compound eyes facilitates the capture of light from many different direc-
tions. The housefly, for example, can see 270 degrees, whereas the human’s
view is just 170 degrees. Chiadini et al. conducted numerical simulations of a
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prismatic bio-inspired compound lens (BCL) of silicon on top of an optically
thick substrate. They found that the best performing BCL was significantly
superior to untextured, V groove, and U groove textured substrates. Their
best performing BCL increased by about 30%. Significant enhancements
were observed under both direct illumination and diffuse light conditions.
When considering the broadband nature (400e1100 nm) of incident light,
they determined that light coupling efficiency can be enhanced by as much
as 93% with respect to untextured silicon [92]. This large enhancement likely
justifies the additional fabrication expenses required to achieve the BCL.

Additional work by Chiadini et al. performed multifrequency analysis of
light coupling efficiency of a solar cell whose surface is textured as an infinite
array of prismatic BCLs. This work showed that light coupling efficiency of
BCL can be a factor of 1.2 greater than a flat untreated silicon surface. The
observed improvements are ascribed to two factors. The first is multiple re-
flections of light at the surface of each BCL preventing light from escaping
after its first reflection. The second cause is an improved light incidence con-
dition such that whatever direction the incident light, its transmission into Si
is improved [93]. Although this patterning has only been demonstrated for
silicon, this strategy could be applied to many other types of solar cells.

11.5.5 Insect-inspired light management
Certain species of nocturnal moth are capable of low light vision and camou-
flage due to unique optical structures found in their eyes and wings. The eyes
and wings have tapered pillars arranged with periodic spacing and height,
each approximately 200 nm [94]. The period and height of this antireflective
structure are critical. The period must remain small enough such that the
array will not act as a diffraction grating scattering the light. Since the features
are smaller than the wavelength of incident light, any incoming photons
experience a gradual change in refractive index. Reflectance only occurs at
interfaces with abrupt changes of refractive index. Incident photons instead
experience a material with similar optical properties on each side (air and
the internal eye) so the moth eye features provide broadband antireflection.

The antireflective structure of the moth eye is not trivial. For this reason,
attempts to replicate this structure for exploitation in optoelectronic devices
are not without their challenges. Conventional methods of replicating the
pattern in silicon solar cells include photolithography, nanosphere lithog-
raphy, and electron beam lithography. These methods were successful in
generating subwavelength moth eye features in quartz (SiO2) [95,96],
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polymer [97], GaSb (gallium antimonide) [98], and Si [99e103] surfaces
demonstrating low reflectance across a broad range of wavelengths and at
various angles of incidence [94]. The aforementioned replication methods
are limited, however, by either low resolution or small sample sizes. These
expensive techniques rely on sophisticated equipment, so both cost and
complexity deem these methods infeasible for wide-scale manufacturing.
Newer methods of fabrication are being applied to this structure such as
reactive ion etching and a nonlithographic technique that is cheaper; a
moth-inspired array investigated by Sun et al. showed excellent antireflec-
tion properties with reflection less than 2.5% for a wide range of wave-
lengths [104]. Another fabrication method, soft nanoimprint lithography
(SNIL), has proven successful in this arena and transfers a master pattern
onto the surface of a mold material by physical contact [105]. This method
is not without its own challenges; when using SNIL, any structural defects of
the master will be reproduced in the mold, and there is also risk of contam-
inating the master.

Another functional benefit of the moth eye structure was observed by
Heo et al. The contact angle of water on a glass slide changed from 50 to
150 degrees after the glass had the antireflective structure applied to its sur-
face [105]. Contact angles greater than 150 degrees are generated due to a
high fraction of air trapped between the features. The glass surface became
superhydrophobic; therefore, dust particles can easily be removed by water
droplets rolling across the surface. In addition to the observed increased
transmittance, the DSSCs fabricated by Heo et al. have remarkable self-
cleaning effects [105]. Self-cleaning undoubtedly increases PCE of the cell
for long-term applications where accumulation of dust and particles blocks
incident sunlight and deteriorates overall efficiency. Future work to further
optimize the performance of bio-inspired subwavelength texturing can
result in optimizing the period of moth eye arrays for antireflective surfaces
on solar cells; research suggests that even better performances are possible
with different pillar profiles and variable feature spacings [94]. This self-
cleaning feature has great potential for implantation into solar cells for oper-
ation on Mars, lunar, or other environments that are highly susceptible to
dust occlusion. The Martian atmosphere typically contains suspended
dust, which is visible in photographs of the planet’s surface (Fig. 11.6)
[106]. The amount of suspended dust poses myriad concerns for the opera-
tion of solar cells [107e110]. Recently, NASA’s Mars Exploration Rover,
“Opportunity,” was declared dead after a dust storm in which settled dust
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obstructed incident light from arriving to the solar arrays. There is a need for
self-cleaning capabilities for these solar arrays, and the aforementioned moth
eye structure could provide necessary technological advancement.

Chiadini et al. turned the moth eye topography upside down and inves-
tigated a negative of the moth eye structure where the prisms were replaced
by grooves. They conducted two-dimensional simulations of light coupling
efficiency of thick (50e100 mm) Si absorber wafer with exposed face deco-
rated with bio-inspired pit texture with wavelengths of light ranging from
400 to 1100 nm. They evaluated the efficiency of light coupling for various
profiles to determine the optimal array configuration. The first stage profile
consists of the negative of the bio-inspired topology, with pits in lieu of stan-
dard peaks. The second stage profile is achieved by decorating the pits of the
first stage profile with even smaller diameter arcs as shown in Fig. 11.7.
When compared with planar silicon, the efficiency of stage 1 topology im-
proves by 30% and the FOM by 6%. Advancing the design from stage 1 to
stage 2 yields further improvement of weighted angularly averaged
efficiency by 10% and FOM increase by 6% indicated worthwhile trade-
off between performance and the added complexity of the design. The
champion bio-inspired standard configuration (peaks) was outperformed
by the champion pit texture, touting 4% higher FOM. This superior

Figure 11.6 Two images taken in 2001 from the same perspective by the Mars Orbiter
Camera on NASA’s Mars Global Surveyor orbiter show images from (A) late June with
clear conditions and (B) July with the planet almost fully enveloped in a dust storm.
Source: https://mars.nasa.gov/resources/21448/the-2001-great-dust-storms-hellassyrtis-
major, work product of the U.S. Government, images in the public domain.
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performance has been ascribed to the multiple bounces of light achieved by
the inverse grooves [111]. Although the fabrication process to replicate this
inverse topology would be expensive, this texturing could serve as a signif-
icant tool toward improving light coupling efficiency of solar cells.
Economic targets for space PV ($1000/watt [17]) are substantially greater
than terrestrial PV ($1/watt [112]). Thus, in a several billion dollar space-
craft, the solar cell cost is relatively small, negating traditional concerns of
implementing high-cost technologies.

11.6 Bioinspiration and solar concentrators

Beyond the device level, solar concentrators have also benefitted from
bio-inspired technology. Solar concentrators implement lenses, mirrors, and
other reflective surfaces to redirect, bend, and focus a large area of sunlight
onto a much smaller area of solar cells at the focal point [113]. This concen-
tration of light onto a smaller area increases the incoming solar flux to values
larger than one sun, thereby increasing the efficiency of individual solar cells.
In aerospace applications, solar concentration for spacecraft presents great in-
terest primarily from an economic perspective. These systems result in

Figure 11.7 Schematic of the various topologies investigated: (A) planar silicon sub-
strate, (B) first-stage texture made of bio-inspired pit texture aligned along the y axis,
(C) second-stage texture obtained by decorating the first stage profile. Adapted from
F. Chiadini, V. Fiumara, A. Scaglione, A. Lakhtakia, Bioinspired pit texturing of silicon solar
cell surfaces, J. Photonics Energy 3 (2013) 034596, Copyright SPIE 2013.
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overall reduced costs because the area (and thus number) of PV devices is
reduced. The replacement of expensive PV materials by more affordable
lenses and mirrors reduces the overall cost of the system while the amount
of energy captured remains the same. Furthermore, concentrator technolo-
gies are appealing for deep space missions [114] where low intensity and low
temperature (LILT) conditions reduce solar cell performance [115e118].
The primary methods of concentration are reflective [113,119], refractive
[120], luminescent [121], and total internal reflection [122]. Total internal
reflection is leveraged in reflective and luminescent concentrators. Concen-
trators often consist of primary and secondary optics. The most widely adop-
ted primary optics are Fresnel lenses and parabolic mirrors [113].

The first satellite to use concentrator photovoltaics (CPV) as the primary
power supply was Space Technology Experiments (STEX) satellite
launched into LEO orbit in 1998 (Fig. 11.8). The arrays were successfully
deployed and concentrated 70% more light onto the arrays than standard
systems [123]. The observed cell currents were slightly greater than antici-
pated; however, the light concentration in the cells caused a heating prob-
lem, which ultimately degraded the solar arrays [17,123]. The experimental
solar panel (ESP), a reflective concentrator array that uses GaInP/GaAs/Ge
cells, was flight-tested in space on the PROBA-2 satellite [124,125]. In
flight, the ESP performed better than expected; however, performance
decreased by 5% within 2 years after launch [126]. Refractive concentrators
based on Fresnel lenses have flown, such as the Solar Concentrator Arrays
with Refractive Linear Element Technology (SCARLET) in Deep Space
1 Mission [127]. The results of other concentrator PV technologies that
have been demonstrated in space are reported here [126].

Figure 11.8 STEX spacecraft with concentrator arrays: (A) not deployed [7] and
(B) deployed [128]. Courtesy: National Reconnaissance Office, work product of the U.S.
Government, images in the public domain.
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Concentrators perform best when there is a single light source that the
concentrator can be optimally positioned to. This is ideal for space applica-
tions where the Sun is a single light source. Despite these benefits, concen-
trators often result in bulky systems that limit their application in space. The
stretched (Fresnel) lens array (SLA) has been developed as an ultralight-
weight alternative, which achieves a concentration of approximately 8�
[129]. The field of CPV could greatly benefit from improving the accep-
tance angle and optical tolerance of a CPV system. Novel materials capable
of enhancing surface reflectivity and mass reductions and reducing
complexity of the resulting concentrator would make great strides toward
improving CPV performance. The importance of surface structure and
material on concentrator optical performance requires advancements in
materials science where nature can serve as both an inspiration and a guide.

The white butterflies of the genus Pieris were observed to take flight
before other butterflies on cloudy days when solar intensity was limited.
Butterflies leverage the sunlight to warm their flight muscles before they
are able to take flight. The ability for the white butterfly to heat up quickly
on cloudy days has been attributed to their ability to perform “reflectance
basking” [130]. The wings of the white butterfly focus solar energy onto
its thorax to increase its muscle temperature before taking flight. The
wing exhibits high reflectance, which is a product of pterin-containing
nanobeads within their individual wing scales [131,132]. In the absence of
these beads, the wing reflectance is decreased by a third [133]. The quasi-
random, yet precise, arrangement of the pterin beads within the scale cell
is critical and has been found to be optimal for efficient light manipulation.

When the white butterfly is observed in natural operation, the geometry
of the wing is notably similar to the V-trough solar concentrator. Research
conducted by Nilsson et al. indicates that microstructured surfaces function
at higher acceptance angles and yield more uniform distribution of light
onto the receiver [134]. The butterfly already possesses these beneficial
microstructures due to the natural tiling of their scales. Experimentally,
the optimum angle for the wings was 17 for both PV and thermal receiver
conditions [130]. Due to the light concentration, thermal concentration oc-
curs, so receiver cooling would be necessary to maximize PV performance
since PCE decreases with increasing operating temperatures.

The reflective spectrum of the white butterfly wing is 78.9% average
reflectivity over a spectral range of 400e950 nm. This reflectivity range
matches the critical absorption window of many classes of solar cells. In
the case of Shank, they implemented the butterfly wing concentrator on
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Si solar cells. Their investigation found that a monolayer of the scale cells was
still highly reflective, maintaining 78.6% of the reflectivity of the full wing.
This single layer reflectivity affords opportunities to nanofabricate layers of
ovoid pigmentecontaining beads to serve as coatings. IV curves show that
the addition of wing concentrators resulted in a 42.3% increase in solar
cell power output. This system achieved 1.3� concentration effect, which
is less than the 2� concentration effect of a reflective thin film placed at
the same angle. However, when compared by weight, the wings exhibit
17� the power to weight ratio than the reflective film structure [130].

The butterfly wings are highly reflective and much lighter in weight than
any current reflective material. Since that high reflectance is largely pre-
served in a single monolayer, this optical technology could potentially
expand the application of solar concentrator devices to arenas like aerospace,
which are severely limited by power to weight requirements. Another tech-
nology that could benefit from large, lightweight, low-cost solar array sys-
tems is solar electrical propulsion (SEP). SEP functions from electrical
power harvested by high-power solar arrays (>150 W/kg) that are used
to provide power for an electrical propulsion system like a hall thruster or
ion thruster [17]. Over 200 spacecraft have successfully implemented SEP
systems, as these systems allow extended length and capabilities of science
missions and exploration [135]. Studies have shown that the required spe-
cific power (1 kW/kg) required for these missions cannot be achieved
with single-crystal technology [136]. NASA identified mass and volume ef-
ficiency as critical technology needs because the benefits of SEP can only be
realized if the systems fit within lift capability and constraints of launch ve-
hicles that are significantly smaller than those required when using
conventional propulsion systems [135]. The development of mass- and
volume-efficient, large area solar array systems is critical for enabling high-
power SEP. These solar array systems must be stowed in small, lightweight,
cost-effective packaging for launch and deploy to a rigid, radiation-resistant,
reliable array. Solar array systems for SEP would benefit from exploring
naturally efficient folding and natural enhancements from structural light
management as methods of weight reduction and efficiency enhancements.
There are myriad examples of sophisticated folding in nature which could
inspire SEP array designs. For example, the fanlike hind wings of earwigs
fold under their forewings when the animal is not in flight, granting them
the most compact wing storage among all insects. The earwig wing folding
pattern reduces surface area 10e15� or more depending on the species
[137,138] and has been modeled for reconstruction in engineering
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applications [139]. The folding of ladybird beetles [140] and the leaves of
plants where large leaves emerge from tightly rolled efficiently packed
buds to maximize their time exposed for photosynthesis [141] are also
exceptional natural instances of sophisticated packing.

11.7 Honeycomb surface structures

In 1998, Zhao et al. improved the performance of multicrystalline sil-
icon (m-Si) solar cells by enshrouding the surface of the cell in oxide to
reduce parasitic recombination activity and to form honeycomb surface tex-
tures [142]. The honeycomb texture reduced reflection losses and increased
the cells optical thickness by effectively trapping light within the cells’ pho-
toactive area (Fig. 11.9). They designed a multicrystalline cell with 19.8%

Figure 11.9 (A) Photograph of a honeycomb. (B) Schematic of the honeycomb surface
texturing on the 19.8% efficient multicrystalline silicon solar cell. (C) Optical image of
the structure, processed die. (D) Scanning electron microscope (SEM) image (X444)
of the honeycomb inspired solar cell surface. Sources: (A) Wikimedia commons
(public domain). (B) Adapted from J. Zhao, A. Wang, M.A. Green, F. Ferrazza, 19.8% efficient
“honeycomb” textured multicrystalline and 24.4% monocrystalline silicon solar cells, Appl.
Phys. Lett. 73 (1998) 1991e1993. (C and D) Reproduced with permission from E. Manea,
E. Budianu, M. Purica, I. Cernica, F. Babarada, Technological process for a new silicon solar
cell structure with honeycomb textured front surface, Sol. Energy Mater. Sol. Cells. 90 (2006)
2312e2318, copyright Elsevier 2006.
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efficiency, which was a significant improvement to the standard 18.6% PCE
at the time. This creative implementation of honeycomb is particularly ad-
vantageous for multicrystalline Si that cannot have standard pyramid struc-
tures anisotropically etched into their surfaces to expose intersection {111}
crystal planes, because they lack the necessary monocrystallinity. Honey-
comb texturing resulted in reflection generally between that of an untex-
tured monocrystalline cell and an inverted pyramid-textured
monocrystalline cell. Results of Zhao et al. suggest that light trapping in
the honeycomb cell is as effective as an inverted-pyramid cell [142]. This
is a significant achievement since pyramid light trapping structures cannot
be applied to multicrystalline cells.

The honeycomb texture remains a reliable method of increasing solar
cell efficiency by improving light trapping. Manea et al. applied MEMS
technology to monocrystalline silicon wafers to fabricate honeycomb
surfaceetextured solar cells (Fig. 11.9) [143]. The radiation lost by reflection
was significantly lower (<20%) in the textured device than the control, and
the resulting PV achieved a 40% higher PCE than that of the untextured PV.

Huang et al. implemented a nanoscale honeycomb structure onto
commercially available c-Si cells. They manufactured a zinc oxide (ZnO)
honeycomb subwavelength structure using nanosphere lithography. The
resulting array exhibited strong antireflection properties across broad wave-
lengths, UV to NIR regions. The honeycomb array enhanced the cells
photocurrent and light absorption as the observed JSC increases while FF
and VOC remain unchanged. Also, the cell had an efficiency increase from
15.6% to 16.6% using optimized honeycomb sizes [144]. The honeycomb
structure is effective because it gives maximum well packing density, and
improves the transmission of photons to the active layer.

Gao et al. explored low-aspect-ratio honeycomb nanobowl front surface
texturing in Si cells. This quasi-honeycomb structure increased the cell sur-
face area only by a factor of 2.2 times compared to a flat cell. Usually, cell
surfaces textured with nanowires or nanoholes have a surface area that is
more than one order of magnitude larger than flat cells [145]. This increased
surface area facilitates a high surface recombination rate, which is parasitic to
cell performance. The honeycomb pattern they achieved through oxidation
and etching processes had a typical period of 130 nm and maximum depth of
200 nm. This structure achieved down to 2% reflection in the spectral range
of 400e1100 nm while mitigating surface recombination losses. When
compared with nanopores and oxidized nanopores, the honey comb had
the smallest reflection. They attribute the reflection reduction to impedance
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matching and photonic light trapping. This structure, similar to the dip-
teran’s compound eye, allows a graded index effect. The honeycomb struc-
ture enhanced the absorption via diffraction, resulting in the light trapping
effect [146].

11.8 Bio-inspired surface area enhancement

Like silicon, nanostructured PV devices such as DSSCs and thin
absorber cells benefit from increased surface area architecture. When the sur-
face area is an active semiconductor, this results in increased light harvesting
efficiency. To further improve the PCE, the semiconductor surface can be
altered. The ideal semiconductor in this particular application would effec-
tively scatter light with a reasonable surface area with minimal electron
recombination. This would ultimately enhance light absorption while mini-
mizing electronehole recombination. There is a sensitivity to the dimen-
sional optimization of these surface nanoarchitectures. An increase in
surface area enhances the light absorption but also causes greater parasitic
charge recombination [147,148]. To date, nanowires [147] and nanopar-
ticles [149,150] are the typical solution because nanoparticles have high sur-
face areas and nanowires facilitate direct electron transport.

Urchin-like ZnO nanostructures that combine favorable properties of
3D and 1D materials have emerged as an alternative structural solution for
application in dye- and semiconductor-sensitized solar cells due to their
higher specific surface and porosity [151]. Well-ordered hollow urchin-
like single-crystal ZnO nanowires with controlled nanowire and core di-
mensions showed a twofold improvement of light scattering compared
with nanowire arrays [154]. Further control of urchin-inspired interspacing
and tenability of nanowire dimensions can produce large areas of perfectly
ordered self-stabilized nanowires. A correlation between urchin-inspired
nanowire geometry and the resulting optical properties and solar efficiency
was discovered. Fully inorganic thin-film CdSe solar cells were also fabri-
cated with urchin-inspired ZnO nanowire arrays that achieved up to 90%
absorption within the 400e800 nm spectral range. The optimal absorption
and JV characteristics were both observed at nanowire lengths of 1 mm with
30 nm thicknesses (Fig. 11.10B) [155]. Karam et al. applied coreeshell tech-
niques to create urchin-inspired ZnO nanowire coated with TiO2. In
DSSCs, the urchin-inspired structure provided a higher surface area
increasing the dye loading. The resulting DSSC had increased VOC and
PCE demonstrating that these structures can improve light scattering and
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increase electron transport [156]. These initial experiments demonstrate that
the potential urchin-inspired structures have to improve solar cell perfor-
mance through cooptimization of the urchin geometry and the various
thicknesses and materials used within the devices.

11.9 Modeling and simulation for photovoltaic power
output optimization

Partial shading conditions on terrestrial solar arrays are often caused by
trees, clouds, and buildings. These conditions complicate the maximum po-
wer point tracking procedure because PV panels in an array receive different
light intensity. Shaded cells in a PV array cannot produce ample power in
their string. It is vital to keep the system operating at the maximum power
point so maximum power point tracking is carried out by a control unit,
which has an algorithm that decides the appropriate duty cycle for the DCe
DC converter at the power output of the solar panels. Many algorithms have
been implemented to find the global maximum power point to achieve
optimal energy harvesting; however, there are several local maximum power
points among the global maximum power point, which complicates the

Figure 11.10 (left) Photograph of a purple sea urchin, Strongylocentrotus purpuratus.
(right) SEM images of an ordered hollow urchin-like structure of ZnO nanowires after
the removal of polystyrene, (A) without plasma etching (PE) and (B) with 30 min of
PE treatment. The insets of (A and B) are the SEM of the ordered polystyrene before
electrodeposition coated with 20 nm of ZnO by atomic layer deposition (ALD). (C)
Side view of the individual structures. (D) and (E) Hollow ZnO structures that have
been turned upside down. All scale bars (except e) are 2 mm. SEM, scanning electron
microscope. Source: (Left) Wikimedia Commons. (Right). Reproduced with permission
from J. Elias, M. Bechelany, I. Utke, R. Erni, D. Hosseini, J. Michler, L. Philippe, Urchin-inspired
zinc oxide as building blocks for nanostructured solar cells, Nano Energy 1 (2012) 696e705,
copyright Elsevier 2012.
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maximum power point tracking procedure [157]. Soft computing tech-
niques inspired by animal behavior have proven to be more capable of
reaching global maximum power points without sticking on local maximum
power points. A particle swarm optimization algorithm is based on food
searching behaviors of bird flocks and fish shoals and has been implemented
to track the global maximum power point in instances of a position change
[158,159]. The gray wolf optimization algorithm mimics hunting behavior
and pack hierarchy of gray wolves, and has been implemented to solve prob-
lems pertaining to the oscillation around the global maximum power point
[160]. A flower pollination algorithm inspired by the pollination process of
flowers has been implemented to reduce the effect of partial shading condi-
tions of a building integrated PV system and ensures exact catching global
maximum power point under different shading patterns [161]. The butterfly
optimization algorithm mimics the mating and food search behavior of but-
terflies and has high accuracy and fast convergence speed in solving the
global optimization problem of partially shaded PV arrays that have local
peaks on their powerevoltage curve [157]. To date, these algorithms
have only been applied to terrestrial PV partial shading; however, systems
generating power depending on environmental parameters such as solar ra-
diation and temperature are also challenges that occur for solar cells in aero-
space applications. Shading regularly occurs as the spacecraft passes in and
out of a planet’s shadow. Therefore, these biomimetic algorithms should
be considered for applications in aerospace PV arrays as a means to further
optimize and enhance electrical output at all phases of operation.

11.10 Concluding remarks: Future outlook

Great strides have been made by applying bio-inspired design to PV
cells. Biomimicry offers several potential routes to achieve cell efficiencies
and specific power thresholds that are vital for advancements in aerospace
PV technologies. Here, we have reviewed recent advances that result in
reduced active material usage and increased residence time of light within
the semiconductor, each demonstrating potential for reducing costs of a
practical device. As further progress is made in this field, we anticipate the
application of more nature-inspired patterns to devise improved light traps.
Given the demonstrations of the promise of bio-inspired dyes, we anticipate
these will be further investigated to improve the performance of hybrid and
organic solar cells. At the array level, we anticipate advancements by imple-
menting nature’s solutions to lightweight, rigid, and robust structures. With

Biomimetic advances in photovoltaics with potential aerospace applications 319



further development, biomimetic array deployments with high stowage vol-
umes at lighter weights than state-of-the-art appear attainable. There exist
untapped avenues to optimize maximum power outputs for PV arrays un-
dergoing partial shading conditions via implementation of biomimetic
optimization algorithms. Increased reliance on bio-inspired design for
high-performance applications, such as aerospace power sources, should
lead to improved performance and lower cost. Clearly, there is a trend to-
ward great scientific advancements and proliferation of bioinspiration for
advanced technology solutions through which we will achieve the next
generation of high-performance aerospace PV systems.
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CHAPTER TWELVE

Electric aircraft cooling with
bio-inspired exergy
management
Rodger W. Dyson
NASA Glenn Research Center, Cleveland, OH, United States

Nomenclature
A area of tube cross section, m2

C compliance, m3/Pa
c sound speed, m/s
DC direct current
f frequency, Hz
IGBT insulated-gate bipolar transistor
L inertance, kg/m4

MOSFET metaleoxideesilicon field-effect transistor
MOV metaleoxide varistor
P acoustic power, W
p0 pressure mean, Pa
PPTFA power, propulsion, thermal, fault protection, and airframe technologies
Q heat, J
Spelec electric drive specific power, kW/kg
T temperature
Tc cold-side temperature, K
Th hot-side temperature, K
TREES Thermal Recovery Exergy Efficient System
U volume flow rate, m3/s
Vl velocity gas particle left, m/s
Vr velocity gas particle right, m/s
W work, J
Wac acoustic work input
X exergy, J
Z acoustic impedance, Pa s/m3

g specific heat of air, 1.4
helec electric drive efficiency
dk particle displacement
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12.1 Introduction

Electric air vehicles range from small unmanned aerial systems used for
package delivery to urban air taxis for commuters to large single-aisle transport
class aircraft for airlines. All these vehicles require tight integration of the power,
propulsion, thermal, fault protection, and airframe technologies (PPTFA) to
reach their maximum fuel, emission, noise, and mobility benefits. Historically,
these technologies were designed separately and optimized at the subcompo-
nent level. But after decades of development, each component has nearly
reached its full potential, and only by integrating these traditional components
together with new thermal energy conversion technologies is it possible to
achieve a new level of aircraft architecture that synergistically integrates PPTFA.

This chapter will present a new thermal energy conversion technology,
ThermalRecovery Exergy Efficient System (TREES), for recycling andman-
aging all the low-gradewaste heat on an air vehicle that hasmany characteristics
like the human body’s biological thermal management system. Specifically,
the human body manages heat by dynamically redistributing blood flow to
either increase or decrease the temperature and recycles the energy naturally
through the heart, arteries, and veins in a continuous recirculation pattern. In
aircraft, we can biologically mimic this process using acoustic tubes as arteries,
heat pipes as veins, and a turbofan and/or fuel cell as the heart [1e4].

The TREES system utilizes acoustic mechanical energy distribution to
pump waste heat to a higher temperature (increase exergy) and then distrib-
utes and reuses the more useful higher temperature heat throughout the
aircraft via solid-state switching heat pipes that dynamically change where
the heat travels during flight while also potentially improving overall fuel ef-
ficiency. The particular network topology of the acoustic tubes and heat
pipes can be optimized based on an exergy analysis of the aircraft powertrain
utilizing a bio-inspired neuroevolution algorithm that includes the entire
multiphysics domain [5e8]. This technology can be integrated with distrib-
uted fast-response solid-state fault management technology to provide a
unique electric aircraft powertrain configuration that improves both system
reliability and performance. This chapter will provide an overview of the
TREES technology development, including both design details and test re-
sults from a recent prototype demonstration.

12.2 Technology barriers for air vehicle adoption

As shown in Fig. 12.1, the history of electric aircraft propulsion can be
traced back to 1883 in the form of all-electric propulsion. And like the
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history of electric ground vehicles, energy storage was a limiting factor in its
utility. Today, however, many of the electric powertrain technologies have
improved in the three categories of efficiency, specific power, and energy
density to the point where small all-electric air vehicles now do have utility
and larger electric air vehiclesdwhen also employing traditional fueled sys-
tems (hybrid electric)dalso offer utility [9,15]. The next technology frontier
for greater market adoption requires making these vehicles safe to operate.
This includes having the ability to quickly respond to high-voltage/high-
power electrical faults and safely manage the significant new heat loads these
new technologies producedoften at low temperaturesdthat make it diffi-
cult to reject heat and distribute it throughout the entire air vehicle. Indeed,
as seen in Fig. 12.1, over time, the power level, voltage, stored energy, and
low-grade heat loads are expected to increase, thereby further challenging
both the fault and thermal management systems.

12.3 Fault management challenge

Different fault management technologies were scrutinized for integra-
tion with TREES. The high power, voltage, and current required for
flight-weight electric aircraft propulsion present a new challenge for safely
managing powertrain electrical faultsdespecially with the DC power distri-
bution systems currently being employed. Although AC fault management
is potentially more tractable because of the cyclic zero-crossing of the
voltage, most electric air vehicles are using high-voltage DC power

Figure 12.1 Thermal and fault management technologies are barriers for market
acceptance. Credit: NASA.
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distribution because there are both mass and controllability benefits (fewer
distribution cables and machine frequency independence). Also, because
of recent advances in power electronics technology, both the efficiency
and mass of DC machine drives are now adequate for flight use. However,
high-voltage DC fault protection technology is still a pacing item for
continued progress in this space.

The DC breaker technology options include electromechanical, solid
state, or a hybrid of the two. A circuit breaker comparison is shown in
Fig. 12.2 [10]. As listed in Table 12.1, the benefit of an electromechanical
circuit breaker is high conduction efficiency (>99.97%) through a metal,
but it has a limited opening speed of >10 ms. The solid-state circuit breaker
is very fast at opening a circuit (<500 ms), but it produces six times more
low-grade heat because of lower efficiency (<99.3%). A hybrid circuit
breaker system achieves both high efficiency and reasonable opening speeds
of about 1 ms, which is adequate for most terrestrial applications.

Figure 12.2 Very efficient, lightweight system requires dynamic thermal recycling
system. Credit: NASA.

Table 12.1 Fault management technology options.
Mechanical Solid-state Hybrid

Device to break
current

Mechanical switch Semiconductor
devices

Semiconductor
devices and
mechanical
switch

Benefits Low conduction
loss

Superfast response
time (<10 ms)
Simple structure

Low conduction loss
Fast response time
(1e5 ms)

Limitations Slow response time
(50 ms)

High conduction
loss (w0.5%)

Complexity
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Recent work by both the Advanced Research Projects AgencyeEnergy
and US Navy have continued to develop DC breaker technologies for
ground use, but air vehicles have additional requirements, including the
following:
• Having a >100-ms response time to protect sensitive equipment with
insulated-gate bipolar transistors (IGBTs) (a hybrid breaker at 500 ms
can protect personnel and aircraft from catastrophic events, but the aircraft
powertrain components can still be damaged from overcurrent conditions
lasting this long)

• Optimizing both the volumetric density and power density because mass
is such a driver for aircraft (see Fig. 12.3)

• Managing high-voltage altitude-related effects such as partial discharge,
corona discharge, creepage, and clearance at up to 51,000 ft during
flight conditions

• Realizing efficiency is not as important as mass because many other ele-
ments in the powertrain are less than 99% efficient, and it is necessary
to achieve >7 kW/kg powertrain mass overall for a net vehicle benefit
(and we propose recycling the waste heat for a net system benefit)

• Cooling with fluids, air, or other approaches on aircraft, whereas terrestrial
microgrid applications may only have air convection, for example (we
propose solid-state acoustic heat pumping for exergy amplification)

Figure 12.3 Example breakeven curves for electric aircraft propulsion: efficiency trades
with specific power. Credit: NASA.
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As shown in Table 12.1, the solid-state circuit breaker option is ideal for
air vehicles if the electrical losses can be addressed. Specifically, two areas
must be addressed before a solid-state circuit breaker could be successfully
employed. First, the electrical losses in double-pole bidirectional solid-
state circuit breakers can be significant in a megawatt electric aircraft
powertrain.

Shown in Fig. 12.2 is schematic of a new class of fault management tech-
nology being developed by a team from the Naval Postgraduate School that
can achieve flight weight, speed, and altitude requirements if the loss of ef-
ficiency can be mitigated with thermal recycling. Previous system studies
clearly show any efficiency losses in the powertrain must be traded with
an equivalent amount of mass reduction to continue to show a net vehicle
block fuel benefit unless the waste heat can be recycled [11] (see Fig. 12.3).
Secondly, between 7 and 10 kW of low-grade thermal heat is produced for
each megawatt-scale breaker in the system.

Generally, the combined negative impact of both the significant loss in
powertrain efficiency and the new distributed heat loads would constrain
breaker technology to the selection of a hybrid circuit breaker despite its
relatively slow response time. Also, electric air vehicles would need to be
designed to compensate for this increased risk of powertrain component
damage during fault events. However, as will be shown, a new integrated
approach for managing the low-grade heat on an aircraft can mitigate
both the reduction in powertrain efficiency and the release of low-grade
heat throughout the aircraft from solid-state circuit breakers. Then the
potentially very-high-speed fault response can be leveraged to protect not
just personnel and airframe, but also all the sensitive power electronics
and sensors on the powertrain during both hard and soft fault events.

Note in Fig. 12.2 that this breaker system naturally provides both current
and voltage limiting without requiring inductors and can operate at the
timescales necessary for megawatt-scale aircraft. Despite the higher conduc-
tion losses compared with those of a hybrid breaker, an effective high drive
efficiency shown in Fig. 12.3 can still be maintained by recycling the waste
heat with a distributed thermal management recycling system to be
described.

12.4 Thermal management challenge

Electric aircraft have not only the challenge of managing the electri-
cally related risks of high voltage, power, and current, but it is also just as
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important to manage the significant new low-grade heat loads that are intro-
duced each time an electrical component is added to the aircraft [12]; this
was a primary consideration in the development of TREES. The challenges
with low-grade waste heat in aircraft is fivefold because it
• is not useful for work and difficult to reject;
• adds system mass from large heat exchangers, plumbing, and fluids;
• reduces net propulsive power from increased drag, compressor bleed, and
turbine power extraction;

• has a limited thermal capacity due to sink temperature or surface availabil-
ity; and

• increases maintenance due to thermal management system complexity or
structural integration challenges.
As shown in Fig. 12.4, aircraft have a range of heat sources distributed

throughout the aircraft. High-exergy waste heat is emitted from the
turbofan core, and low-exergy waste heat is distributed nearly everywhere
else on the aircraft. The current approaches for managing this heat [3,12],
along with its drawbacks, are listed in Table 12.2.

The heat pipe technology is shown as a drawback in Table 12.2 when
used in isolation because it does not increase the exergy [13]. It is a means
for transporting heat energy at relatively short distances and at constant tem-
perature. However, when it is integrated with exergy-increasing compo-
nents and dynamic heat pipes, it no longer has that drawback: Its mass
impacts are mitigated by reusing the waste heat, which serves to increase
the effective powertrain efficiency. As shown in Fig. 12.3, if the powertrain
efficiency can be increased with exergy recycling, then the system can add
system mass and still have a net benefit. Then if exergy recycling is not

Figure 12.4 Heat sources distributed throughout the aircraft. (A) High exergy
(>20 MW). (B) Low exergy (<1 MW). Credit: NASA.
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used as shown in Fig. 12.5, large transport aircraft cannot be fully electrified
because of inherent heat sink limits and system-level losses.

Note that in the study by Walters et al., shown in Fig. 12.5, commonly
suggested methods for rejecting low-grade waste heat have both intrinsic
heat load Q limits and/or negative system-level drag losses on the scale of
3% total fuel burning [14]. At this loss level, the projected benefits of
transport-class electrification can be nullified. Moreover, even an ideally
99%-efficient component will often be required to operate outside its

Table 12.2 Thermal management technology options.
Thermal management technology Drawback

Ram air heat exchanger Adds weight, aircraft drag, displaces fuel
capacity

Convective skin cooling heat
exchanger

Adds weight and drag, and requires liquid
pumping losses

Sinking heat into fuel Limited thermal capacity due to coking and
volume

Sinking heat into lubricating oil Limited thermal capacity; low DT adds heat
exchanger mass

Active cooling Reduces propulsive efficiency; adds weight
and maintenance

Phase change cooling Limited thermal capacity; adds weight
Heat pipe Does not increase exergy, which impacts mass

and efficiency

Figure 12.5 Electric aircraft propulsion thermal management technology impacts on
performance and safety certification. Credit: NASA.
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peak performance zone, and this can result in a thermal runaway scenario
unless active thermal control features are available to mitigate this response.
It is therefore critically important to integrate an active thermal control sys-
tem, such as TREES, with all the systems on the aircraft.

12.5 Integrated fault and thermal management

Future electric aircraft propulsion systems will be based on the variety
of configurations shown in Fig. 12.6. However, these systems all have in
common the need to protect against electrical faults with DC breakers (indi-
cated by the yellow dots) and to manage the waste heat produced by every-
thing shown.

Fig. 12.7 depicts the TREES thermal management system integrated
with a fault management system and applied to a Boeing 737 flight vehicle
with parallel hybrid propulsion [15]. The basic approach here is to extract
high-exergy waste heat from the turbofan core using low-mass, SiC-
coated graphite heat exchangers to thermoacoustically generate a ducted
acoustic wave that is used to deliver mechanical energy throughout the
aircraft. This acoustic energy can then operate a thermoacoustic heat
pump to actively refrigerate the powertrain components while collecting
the low-exergy waste heat from the powertrain and convert it to high-
exergy useful heat, through which dynamically switchable heat pipes can
then deliver throughout the aircraft for the beneficial applications shown
in Table 12.3.

Figure 12.6 Powertrain configurations require both thermal and fault management
protection (yellow dots). (A) Parallel hybrid. (B) Turboelectric. (C) Series hybrid. (D) All
electric. Credit: NASA.

Electric aircraft cooling with bio-inspired exergy management 339



Figure 12.7 TREES uses thermoacoustic and dynamically redirectable heat pipe tubes
embedded in the aircraft to recycle both the turbofan and powertrain waste heat.
Credit: NASA.

Table 12.3 Beneficial applications of higher exergy waste heat from powertrain.
Sink location Sink temperature (�C) Benefit

Engine core 600 Recuperates engine and
powertrain heat for efficiency

Engine bypass 100 Increases thrust with P-51 effect
Outer mold line 200 Manages icing and boundary layer

turbulence
Auxiliary power unit 400 Provides electrical power from

waste heat
Cabin 40 Provides cabin heating without

bleed air from turbine
Battery 20 Maintains batteries above freezing
Oil coolant loop 100 Requires smaller heat exchanger,

as temperatures are higher
Ram air 100 Requires smaller heat exchanger,

as temperatures are higher
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12.6 High-exergy heat extraction

As shown in Fig. 12.8, modern turbofan propulsion systems provide
thrust using high-bypass-ratio architectures in which over 85% of the thrust
is not from the core. As distributed electric propulsion systems are employed
in the future, the amount of thrust due to the nozzle flow will continue to
decrease. It is anticipated that eventually turbofans will be replaced with
turboshaft generators that exclusively deliver electric power to electric mo-
tor propulsors [16]; in this case, none of the thrust is produced in the Brayton
cycle engine core. It is also important to note that the bypass and combustion
air paths can utilize a design similar to that of the heat exchanger for return-
ing heat energy to those locations to achieve the benefits listed in Table 12.2.
Moreover, any source of high-exergy waste heat can be used for this system,
such as solid oxide fuel cells, but in that case the heat exchanger would be a
different design, since no high-speed air flow is required. Also, since the
thermoacoustic heat engine only requires conducted heat into its system,
it is possible to directly conduct heat from the fuel cell directly to the acous-
tic engine to avoid conjugate heat transfer altogether.

If a low-pressure-drop heat exchanger is installed in the core, then some
of this high-exergy waste heat can be extracted with minimal to zero impact
to the overall vehicle thrust [17,18]. Preliminary results from an integrated
turbofan and heat exchanger model developed in the Sage modeling

Figure 12.8 High-exergy flow extracted from turbofan core. Credit: NASA.
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environment are shown in Table 12.4 and indicate such a heat exchanger is
feasible for extracting at least 20% of the energy using 8000 channels
(2.5 mm � 5 cm � 10 cm) in the nozzle. A detailed graphite-based heat
exchanger development effort (see Fig. 12.9) is currently underway that
can collect core heat and reject heat to the bypass flow or ram air [19]. As
previously mentioned, as the bypass ratio increases to fully turboelectric
levels, none of the thrust is produced by the core, and the turboshaft gener-
ator exhaust gas ducting can be optimized for maximum exergy extraction.

12.7 Acoustic exergy pumping tubes

As shown in Fig. 12.10, a forward and reverse thermoacoustic heat en-
gine and heat pump can be combined into a duplex configuration with a
long acoustic wave guide tube between them [20]. The high-exergy heat
from the turbofan core can be used to create an acoustic wave on the left
side of the tube that travels the length of this tube and then operates the
heat pump to increase the exergy of the waste heat from the powertrain.

Table 12.4 Minimal thrust impact from extracting core heat energy at nozzle exit.
Thrust (kN) Total engine core enthalpy (MW) Extracted energy (% of core (kW))

49.6 17.7 1% (267)
49.5 17.7 10% (1700)
49.4 17.7 18% (3100)

Figure 12.9 Turbofan heat exchanger integration. Credit: NASA.
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In Fig. 12.10, it is assumed the incoming heat from the turbofan core is
about 800 K and a portion of that energy (70%) is rejected into the bypass
stream at 300 K. Based on the results in Table 12.4, the incoming heat
would be about 3 MW, and the produced acoustic energy would be about
1 MW.

The amount of mechanical acoustic power traveling through the long
waveguide duct tubes is given by

P¼gp0
2c

A
�
V 2
r �V 2

l

�
; (12-1)

the amount of sound amplification is a function of the temperature ratio,
Th/Tc. The efficiency is a function of both the temperature ratio and the
phasing of the proper pressure and volume velocity, V, in the regenerator
regions to achieve amplification and heat pumping, respectively. In addi-
tion, the system must be designed to resonate, achieving high acoustic gas
particle displacement while also matching the proper acoustic impedance,
Z, with the boundaries and appropriate compliance, C, and inertance, L.
The input wave can be created with a standing-wave thermoacoustic tube
(no moving parts), piezoelectric actuator, turbine blade tip compressor,
linear actuator, voice coil, or solenoid that has acoustically matched
impedance with the acoustic wave working fluid. Similarly, the receiving
end (heat pump region) can use an inertance tube with reservoir or any of
the same methods used for the input wave. The combination of the end
effectors, tube geometry, heat exchanger, regenerator dimensions, oper-
ating frequency, and location of the heat engine and heat pump within the

Figure 12.10 Acoustic exergy multiplication tube. Credit: NASA.
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tube must all be accounted for in a proper design of the acoustic exergy
pumping tubes.

Note that acoustic waves do not generate heat and do not require insu-
lation along their lengths. Since most of the heat exchangers are very porous
and the tube can be directly embedded into the airframe, the total mass of
the system can then be kept to a minimum. Typical coefficient of perfor-
mance values from thermoacoustic refrigerators at these temperatures can
approach 40% of Carnot efficiency, and the heat engine can approach
50% of Carnot efficiency.

During a full flight profile, the aircraft heat energy flows will change at
both the turbofan and powertrain, and the available heat sinks can vary
considerably as well depending on altitude, speed, and environmental tem-
peratures. Thus, it is important to be able to actively change the amount of
refrigeration and the destination of the waste heat while in flight. As shown
in Fig. 12.11, the amount of refrigeration can be modulated by adjusting the
size of the incoming acoustic wave. If a standing-wave generator is used,
then the adjustment is accomplished with small thermoelectric heat source
changes. If an electric-wave generator is used, then the adjustment is accom-
plished electrically.

The amount of cooling that can be provided depends on the temperature
ratio across the heat pump (Fig. 12.12). As an example, for a temperature
ratio of 3 (900 K/300 K), for every 2 W of acoustic energy input into the
heat pump W, 1 W of powertrain heat Q can be pumped, resulting in
3 W of high-exergy heat at 900 K being rejected to a heat pipe. Therefore,
1 MW of acoustic energy can lift 500 kW of low-grade 300 K electric
powertrain heat, and then up to 1.5 MW of high-exergy heat is available
for the beneficial purposes listed in Table 12.3.

12.8 Thermally redirectable heat pipes

As shown in Fig. 12.13, solid-state variable-conductance heat pipes
can be used to deliver the high-exergy heat produced by the acoustic heat

Figure 12.11 Acoustic energy can be switched on/off and delivered anywhere in the
aircraft for heat pumping. Credit: NASA.
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pump. Moreover, by including a noncondensable gas inside the heat pipe, it
is possible to thermally control the conductance of the heat pipedin essence
to control (switch on and off) the heat pipe with no moving parts [21]. A
detailed development effort is underway by Advanced Cooling Technolo-
gies, Inc., to build and test a series of low- and high-temperature variable-
conductance heat pipes that can operate over long distances in a changing
g-force and slope environment.

By adding multiple noncondensable-gas condenser tubes (Fig. 12.14), it
is possible to dynamically control where the heat goes with no moving parts
and very fast response times. A successful test of this concept was recently
completed and will be presented in more detail soon. This new capability
enables an entirely new approach (shown in Fig. 12.15) to delivering
different temperature heat to different locations at a user-adjusted rate while
the aircraft is in flight. In this sense, it is a completely general solution that
can support recuperation, deicing, thrust augmentation, environmental con-
trol, or auxiliary power units.

Figure 12.13 Solid-state switchable heat pipe technology can redistribute the high-
temperature thermal energy. Credit: NASA.

Figure 12.12 Ratio of input acoustic energy required for heat pumping. Credit: NASA.
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Figure 12.15 Prototype layout of acoustic heat pump combined with heat pipe:
standing-wave ends, linear acoustic tube. Credit: NASA.

Figure 12.14 Solid-state thermal switching. Credit: NASA.
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12.9 Integrated TREES system operation and test
results summary

Ideally, future aircraft thermal management systems can lift 500 kW or
more of low-grade waste heat ranging in temperature from 50 to 300 K to a
higher temperature greater than 400 K without adding excessive mass or sys-
tem losses or being limited in total heat capacity. As mentioned, the key to
making this technology lightweight and efficient is the generation of a
ducted acoustic wave to deliver refrigeration energy to distal locations
throughout the aircraft that would otherwise be expensive to cool, such
as fault management and sensor technologies. This eliminates the need to
transport energy with electrical, mechanical, or fluidsdeach of which
adds system mass and complexity. For example:
• Electrical power distribution produces EMI, distributed heating, and re-
quires heavy cables.

• Mechanical power distribution such as distributed torque shafts adds
weight and requires lubrication.

• Pumping a coolant requires a large volume of fluid, pumping mechanisms,
extensive insulation, and heavy heat exchangers to transfer heat energy.

• Passive solutions need to be overdesigned to support a full flight profile,
do not protect against unforeseen failure modes, and have more limited
thermal capacity.
Instead, once the pressure wave is formed, it is a simple matter to channel

the wave in small tubes to anywhere in the aircraft. Compared with reverse
Brayton or Rankine systems, the thermoacoustic engine pressure-wave
generator requires no lubrication and has no moving parts. Moreover, this
technology is useful for aircraft because it does not require extra fuel to oper-
ate it, is lightweight, and is essentially maintenance free. It could be used to
provide cabin cooling, ambient and/or cryogenic cooling of converter, ca-
bles, and motors, and in addition, it can be used to deliver power to remote
locations on the aircraft without using wires.

A related thermoacoustic cooling technology was recently demonstrated
in theNetherlands to lift 25 kW of heat for residential uses [22]; it is shown in
Fig. 12.16. This success clearly suggests thermoacoustic cooling is an impor-
tant new area to include in our suite of thermal management technologies
for aircraft. Note that although this example uses a rotational configuration
to maintain a traveling wave, it would be challenging to install in an aircraft.

Fig. 12.17 presents the development of the TREES acoustic tube system.
Rather than using a circular configuration, standing-wave end caps that
enable a linear configuration are used for the acoustic exergy tubes. The initial
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acoustic tube prototype is being built and tested to confirm modeling predic-
tions are accurate and to confirm the ability to deliver acoustic energy the
entire length of an aircraft.

The first phase of development is a simple pulse tubeelike configuration
with an inertance tube and reservoir end cap (1). This is followed by stretch-
ing the acoustic tube to aircraft-scale lengths (2) and confirming that the
acoustic tube losses match the predictions shown in Fig. 12.18. This is fol-
lowed by removing the pulse tubeelike end tubes with an active impedance
matching (3) to provide better control options and to shorten the length of
the end caps. Subsequent steps include combining the acoustic exergy

Figure 12.16 Example thermoacoustic cooling technology. Credit: NASA.

Figure 12.17 Acoustic tube system prototype testbed development steps. Credit:
NASA.
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amplification tubes with the dynamic heat pipes into a system that actively
manages the temperatures throughout an entire powertrain while dynami-
cally optimizing the performance of the air vehicle during flight.

It is also important to recognize that fully integrating the power, propul-
sion, thermal, fault protection, and airframe technologies requires the ability
to optimize a very complex system to minimize mass, maximize efficiency,
and maximize safety. In support of this objective, a new gradient-based
powertrain optimizer specifically designed to select the best suite of thermal
management technologies (Fig. 12.19) is also under development as a new
open-source optimization design tool called OpenConcept [23].

Figure 12.18 Traveling acoustic-wave losses as duct length increases. Credit: NASA.

Figure 12.19 Optimized powertrain with integrated fault and thermal management
system. Credit: NASA.
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12.10 Conclusion

As summarized in Table 12.5, a bio-inspired combination of an
advanced turbofan core and bypass heat exchanger, advanced dynamically
redirectable heat pipes, an advanced hybrid electric powertrain optimization
tool, and acoustic exergy amplification tubes enable TREES to provide
solid-state cooling and fault management for an entire transport-class electric
aircraft similar in fashion to the body’s natural cardiovascular system.

Moreover, this solid-state system (no moving parts) can increase the pro-
pulsive efficiency of the vehicle while enabling ultrafast response fault man-
agement. This increases the safety of the vehicle and protects personnel,
aircraft, and sensitive power electronics and sensors. Overall, when fully in-
tegrated into the airframe of the aircraft, these technologies can potentially
provide fully integrated power, propulsion, thermal, fault protection, and
airframe systems that enable significant fuel, emission, noise, safety, and
mobility benefits. These developments are critical for achieving new
transport-class certification standards over the next decade.

Table 12.5 Technical elements and status.
Subtask Organization Status Deliverable

OpenConcept
thermal system
optimization

University of
Michigan

In development Open-source powertrain
optimization tool

Turbofan heat
exchanger

NASA Jet
Propulsion
Laboratory

Preliminary
design

Core heat exchanger
demonstration

Acoustic tube NASA Prototype
ordered

Full aircraft exergy-efficient
recycling system

Switchable long
heat pipes

Advanced
Cooling
Technologies,
Inc.

First prototype
built and
tested

Full aircraft heat transport
solution

Fast switchgear Naval
Postgraduate
School

System
requirements
completed

Technology readiness level
(TRL) [24] fault
management system
compatible with thermal
management system
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13.1 Introduction

Surrogate models or regression models, such as the popular evolu-
tionary algorithms (EAs), gather a set of nature-inspired algorithms and,
inspired by classical Darwinian evolutionary theory, have been successfully
applied as solution schemes for a class of complex large-scale and high-
dimensional problems. In many science and engineering problems, there
is often a requirement to perform high-fidelity and multiphysics simulations
at various length scales to more accurately simulate the actual behavior of the
systems. Moreover, the nature of such problems demands the effects of un-
certainty to be considered during the simulation phase to generate more
realistic responses and predictions. With the advancement of technology
and computational resources, the science and engineering theoretical
modeling community has given due consideration to large-scale high-
dimensional computational models to obtain more realistic practical
solutions. For example, in the aerospace and automobile industries, efficient
computer simulations are performed to avoid expensive physical experi-
ments to improve the quality and performance of engineered products
and devices but use only limited computational efforts.

Recent developments in computational methods make use of surrogate
models to solve computation-intensive big data problems [1,2]. Surrogate
models are computationally inexpensive mathematical models that mimic
the original high-fidelity model in the domain of interest [3,4]. Such a
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metamodel is constructed using the model responses at critical points and
adopting a learning algorithm to obtain its parameters or coefficients. In gen-
eral, a surrogate model is created to approximate the responses over a range
of input (design) variables. As the input dimensionality increases, the adap-
tation of the surrogate is required to match the accuracy. Thus, there is a
trade-off between the surrogate cost and its desired accuracy level. Surrogate
models are extensively used for solutions involving optimal designs [5e7],
reliability-based optimization [1,2,8,9], and metaheuristics in computation
[10e15]. There is a definite need for the development of various surrogate
models coupled with bio-inspired EAs in solving real-world optimization
problems [7,16]. This will provide sufficient insight into the surrogate selec-
tion process. Hence, it is of paramount importance to do a comprehensive
comparison, considering essential aspects such as robustness, accuracy,
simplicity, and computation cost. However, even though we understand
the demand for such comparative studies, since such an exploration would
require gaining deep knowledge on each approach, it is noteworthy that
some approaches are bound to specific domains. Therefore, it is necessary
to carry out comparative studies among surrogate modeling techniques
before selecting one for the problem at hand.

In this chapter, several (types of ) well-known surrogate models are
reviewed in the context of large-scale and high-dimensional engineering
problems. The performance comparison of these surrogates is studied in
solving structural engineering problems with numerical models of high
dimensionality and complexity. A generalized surrogate modeledriven
bio-inspired optimization algorithm is also discussed for efficient implemen-
tation of high-dimensional and large-scale optimization problems.

13.2 Surrogate models

Surrogate model describes the relation between the output (dependent)
variable and one or more input (independent) variable(s). In the regression
model, parameter values are used to develop an estimated regression equation.
A function, y ¼ f ðXÞ, converts the vector X into a scalar output, y.
Depending on the output values yð1Þ; yð2Þ;.; yðnÞ from a set of input vector
Xð1Þ;Xð2Þ;.;XðnÞ, a postprocessing, such as optimization, differentiation

integration, and so on, on a surrogate bf ðXÞ for the f , can be efficiently per-
formed based on these known observations.
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13.2.1 Generalized procedure for surrogate model
construction

13.2.1.1 Step 1: Preparation of data and selection of modeling
approach

Independent variables X ¼ fx1; x2;.; xkgT and dependent variables Y ¼
fy1; y2;.ykgT are computed based on the demanding computational or
experimental simulation. Then the n numbers of these k-vectors into a list

X ¼ �Xð1Þ;Xð2Þ;.;XðnÞ�T are determined for the learning algorithm.
The actual attempt to learn f through the data pairs��

Xð1Þ; yð1Þ
�
;
�
Xð2Þ; yð2Þ

�
;.; ðXðnÞ; yðnÞÞ� is obtained by the mapping

(Eq. 13.1):
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X ¼ XðnÞ
(13.1)

13.2.1.2 Step 2: Parameter estimation and training
After we defined the essential design variables, acquired the learning data set,

and chose a generic model structure, bf ðX;wÞ, the exact model shape is
determined by the parameter set w. Now we are faced with a question of
parameter estimation: How do we pick a set (w) so that the model coincides
with the data? Of the several known estimation criteria, here we address a
popular method for parameter estimation: the maximum likelihood estima-
tion method.

Let us consider the parameter w and the model, bf ðX;wÞ. This enables us
to compute the probability of the data set
��

Xð1Þ; yð1Þ �ε

�
;
�
Xð2Þ; yð2Þ �ε

�
;.; ðXðnÞ; yðnÞ �εÞ� from function bf

(where ε is a constant error at each point). If we assume that the errors ε
are independently randomly distributed, then according to a normal distri-
bution, the probability of data set is given by Eq. (13.2):
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where s is the standard deviation. Considering a constant standard deviation
ðsÞ and constant error ðεÞ; then the least square Eq. (13.3) is given as:

min
Xn

1

�
yi � bf ðX;wÞ

�2
(13.3)

This least square minimization problem is solved to find the best fit

parameter set w for the chosen surrogate model, bf ðX;wÞ.

13.2.2 Surrogate model testing
Here, we should note that the parameter estimation should preferably also
be based on a separate subset of observational data. If data are available for
model testing and our main goal is a globally accurate model, we advocate
either a root mean squared error (RMSE) metric or a correlation coefficient,
r2. To test the model, we take a set of test data of size nt and a set of predic-
tions at the test data locations, and RMSE measure (Eq. 13.4) gives:

RMSE¼
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Pnt

i¼0
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vuuut
(13.4)

and the correlation coefficient [17] (Eq. 13.5):
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ŷðiÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
nt
Pnt

i¼0
yðiÞ2 �

�
Pnt

i¼0
yðiÞ
�2��

nt
Pnt

i¼0
byðiÞ2 �

�
Pnt

i¼0
byðiÞ
�2�

s

1

CCCCCA

2

(13.5)

In practical problems, a sufficiently large testing data set is required to
obtain a stable estimate of the mean square error (MSE). Typically, MSE
or RMSE is computationally demanding in nature for high-fidelity numer-
ical models since this requires computing model responses for a large sample
set. To overcome this challenge, several statistical error estimators have been
developed based on the testing data set, which are used for surrogate model
construction [18]. In statistical learning, one such popular error estimator is
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the leave-one-out error, or the relative leave-one-out error (εLOO) estimate;
these shortcuts often perform very well in terms of the estimation bias and
the MSE [19]. Statistically, it gives a measure of the coefficient of determi-
nation (R2 z 1� εLOO), while εLOO can be related to the well-known error
estimator, predicted residual sum of squares (PRESS). The surrogate model
accuracy is considered to be high with a lower value of leave-one-out error
and vice versa.

13.3 Types of surrogate models

As discussed earlier, the surrogate model emulates the large-scale and
high-dimensional computational model that is used to evaluate the system or
component response. The approach involves selecting a surrogate model,
estimating the associated parameters accurately, and using less computational
effort. There are a family of surrogate models available in the literature
[3,4,20]; however, we will address the three most popular models in this
chapter that are extensively used in real-life engineering simulation: polyno-
mial regression models, support vector regression (SVR) models, and
Gaussian process regression (GPR) models or Kriging surrogate models.
The training data set of computationally demanding models is used to fit
the surrogate model of interest. Once we best-fit a model with the testing
data set, we can subsequently predict or simulate the output with the help
of these models very efficiently.

13.3.1 Polynomial regression models
Polynomial regression models are used in implementations of regression us-
ing higher-order/degree of the polynomial for more than one independent
variables. For polynomial regression, we return a dependent variable based
on independent variables.

13.3.1.1 Introduction to the polynomial regression model
The basicmultiple regressionmodel of a dependent (response) variableY on a
set of k independent variables, X1, X2,., Xk can be expressed as (Eq. 13.6):

8
>>>>><

>>>>>:

y1 ¼ b0 þ b1x11 þ.þ bkx1k þ e1
y2 ¼ b0 þ b1x21 þ.þ bkx2k þ e2

.

yn ¼ b0 þ b1xn1 þ.þ bkxnk þ en

(13.6)
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i.e., (Eq. 13.7)

yi¼ b0 þ b1xi1 þ.þ bkxik þ ei; for i ¼ 1; 2; .; n (13.7)

where yi is the dependent variable Y value for the ith case, and xij is the value
of the independent jth variable Xj. For the ith case, if b0 is the regression
surface Y-intercept (due to multidimensionality), each bj, j ¼ 1, 2, ., k is
the slope of the regression surface for the ith case with respect to variable Xj

and ei is the random error component for the ith case. Polynomial regression
is a type of regression in which the relationship between independent var-
iables and dependent variables is modeled as a polynomial of degree greater
than 1 in x:

The assumptions of the polynomial regression model are similar to those
for the simple linear regression model. Model assumptions include the
following:
1. For each observation, the errors ei are normally distributed with mean zero

and standard deviation s and are independent of the error terms associated
with all other observations. That is, eiwN(0, s 2) are normally distributed
for all i ¼ 1, 2,., n observations and are independent of other errors.

2. In the context of regression analysis, the variables Xj are considered as
fixed quantities; however, in the context of correlation sampling and
analysis, they are correlated random variables with a joint probability
density distribution. In any case, Xj are independent of the error term.
When we assume that Xj are uncorrelated quantities, we are assuming
that we have realizations of k variablesXj and that the only randomness in
Y comes from the error term.
In matrix notation, we can rewrite the model (Eq. 13.8) as:

Y ¼Xbþ e (13.8)

where response vector Y and error vector ei are column vectors of length n, a
vector of parameters b is a column vector of length kþ1, and design matrix
X is of size n by kþ1 with its first column having all elements equal to
identity, the second column being filled by the observed values of X. Here,
we are interested to estimate the unknown values of b and ei.

13.3.1.2 Least square error minimization for parameter estimation
In the polynomial regression model, we prefer to estimate the regression pa-
rameters by the method of minimization of least squares. First, we calculate
the sum of the squared errors between the chosen polynomial and the
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training data set, and second, we find a set of estimators that minimize the
sum of the square of the error. We obtain the errors as Eq. (13.9):

e¼Y � Xb (13.9)

To estimate bb, we want to minimize the sum of the square of the errors
(Eq. 13.10):

eT e¼ðY � XbÞT ðY �XbÞ (13.10)

where the symbol ðÞT denotes the transpose of the matrix. Here, eT e is
scalar. We have Eq. (13.11):

XTXbb¼XTY (13.11)

After multiplying the inverse matrix of
�
XTX

��1 on both left sides in
the previous equation, we have the least squared estimator for the polyno-
mial regression model in matrix form as Eq. (13.12):

bb¼ �XTX
��1

XTY (13.12)

Vector bb is an unbiased estimator of b. The predicted values for the
mean of Y (let us call them bY ) are computed by Eq. (13.13):

bY ¼Xbb ¼ X
�
XTX

��1
XTY ¼ HY (13.13)

where H ¼ X
�
XTX

��1XT . We call this the “hat matrix” because it turns

Y to bY . The matrix H is symmetric, i.e., H ¼ HT and idempotent, i.e.,
H2 ¼ H . The fitted values for error terms ei are residuals bei, i ¼ 1; 2;.; n;
that are computed by Eq. (13.14):

be¼Y � bY ¼ Y �HY ¼ ðI �HÞY (13.14)

with I being the identity matrix. The sum of squares of the residuals, SSE ¼
beTbe, has the d2 distribution, with dfE ¼ n� ðkþ1Þ being the degrees of

freedom of the data, and is independent of bb.

13.3.1.3 Accuracy of the polynomial regression model
Polynomial regression is a special case of multiple regression, with only one
independent variable X. One-variable polynomial regression model can be
expressed as Eq. (13.15):

yi¼ b0 þ b1xi þ b2x
2
i þ b3x

3
i þ.þ bkx

k
i þ ei for i ¼ 1; 2;.; n

(13.15)
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where k is the degree of the polynomial. The degree of the polynomial is
the order of the model. Effectively, this is the same as having multiple
models with X1 ¼ X , X2 ¼ X2, X3 ¼ X3, etc. The MSE is an unbiased
estimator of the variance s2 of the random error term and is defined in
Eq. (13.16):

MSE¼ SSE=dfE ¼
Pn

i¼1

�
yi � byi

�2

n� ðkþ 1Þ (13.16)

where the values yi are measured and byi are the values of the dependent
variable Y for the ith case. Here, the MSE is the average squared error, where
the maximum degree of freedom is divided by MSE; it gives a measure of
how well the data fit into the regression. The square root of MSE is a
standard deviation estimator of the MSE term for random error. The
RMSE; or square root of MSE; is not an unbiased estimator of s but is a
reasonable estimator, within w%. The amounts MSE and RMSE are
measurements of the magnitude of the regression errors and do not indicate
the explained regression fit component.

The coefficient of determination (R2), which is a measure of the accu-
racy of the regression model, is expressed by Eq. (13.17) as:

R2¼ 1� SSE
SST

¼ 1�
Pn

I¼1

�
yi � byi

�2

Pn

i¼1

�
yi � y

�2
(13.17)

where SST represents the total sum of squares and y is the arithmetic mean
of the Y variable. R2 is a measure of the percentage of variation explained by
the independent variable X in response variable Y, and it is a statistically
robust indicator of how good the data fit in the regression model. The value
of R2 is always between 1 and 2, 0 � R2 � 1:R2 value of 0.9 or above
indicates very good fit, a value above 0.8 is good, and a value of 0.6 or above
may be satisfactory in some applications, although we should be ignorant
of the fact that in this situation, errors in prediction may be fairly high.When
theR2 value is 0.5 or below, the regression is captured for only 50% or less of
the data variation, and so the model prediction may be poor. An adjusted R2

value may also be evaluated by Eq. (13.18) as

R2¼R2 �
�
1� R2

�
k

n� ðkþ 1Þ (13.18)
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Eq. (13.18) clearly indicates the adjustment and also demonstrates that
the modified or adjusted R2 is often smaller than R2. This is an indication
that the regression equation may be overadjusted to the sample and con-

strained generalization. R2 is always preferred to R2 when lesser data are be-
ing examined because of the need to protect against spurious indicators. The
polynomial model of kth order in one variable is given by Eq. (13.19) as:

bf ðx;W Þ¼w0 þ w1xþ w2x
2 þ.þ wmx

m ¼
Xm

i¼0

wix
i (13.19)

This suggests that higher m values tend to give a more accurate approx-
imation, which means that more flexible and accurate the model becomes.

The regression model parameterW ¼ �w00w1;w2;.:;wm
�T is evaluated with

the help of least square minimization solution ofBW ¼ y, where B is the
Vandermonde Matrix, which is a matrix with the terms of a geometric pro-
gression in each row given as Eq. (13.20):

B ¼

2

666666664

1 x1 x21 . xm1

1 x2 x22 . xm2

.

1

.

xn

.

x2n

.

.

.

xmn

3

7777775

(13.20)

The maximum estimate of the probability of W is determined by Eq.
(13.21) to be:

W ¼B�1y (13.21)

with B�1 ¼ �BTB
��1

BT . This gives us a useful way to estimate the
parameterW with the least squares minimization criterion being determined
by Eq. (13.22):

min
w

Xn

1

�
yðiÞ � bf ðX;W Þ

�2
(13.22)

13.3.1.4 Two example polynomial regression models for large-scale
structures

Two examples of building polynomial regression models for large-scale
structural systems are shown. The computer code implementation in MAT-
LAB is given in Appendix A at the end of the chapter.
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Example 1: Polynomial regression model of a cantilever beam
In this example, a polynomial regression model of the weight of a canti-

lever beam as shown in Fig. 13.1 is demonstrated. The model input is the
area of cross section of the beam and output is the weight. It must be noted
that the weights of the beam (by varying the cross-sectional area) are
computed using postprocessing numerical solver that is expensive to eval-
uate. Second- and third-order polynomials are used to build the model;
the accuracy of the model is then evaluated.
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Figure 13.1 (A) A cantilever beam of the rectangular cross-sectional area;
(B) polynomial regression models (second- and third-order) of the weight of this canti-
lever beam.
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For the third-order polynomial regression model of the weight of the
cantilever beam, the fitted coefficients of the polynomial model are b0 ¼
0:0616, b1 ¼ � 0.1349; b2 ¼ 0.0928; and b3 ¼ � 0.0176 with the coef-
ficient of determination to be around 99.5%

Example 2: Polynomial regression model of a large-scale transmission tower
In this example, a polynomial regression model of the deflection of a

large-scale transmission tower [16] as shown in Fig. 13.2 is demonstrated.
The model input is the area of cross- section of the 244 member tower,
and output is the deflection. It must be noted that the computation of the
deflection (by varying cross-sectional area) is executed using a very costly
numerical (nonlinear finite elements analysis) model in ABAQUS CAE
[21], which takes around 45e60 minutes for a single simulation on a
standalone computer with 4.0 GB of RAM. As with the first example,
second- and third-order polynomials are used to build the model; the
accuracy of the model is subsequently evaluated.

For the second-order polynomial regression model of the weight of
the cantilever beam, the fitted coefficients of the polynomial model are
b0 ¼ �0:0027, b1 ¼ 0:2720; and b2 ¼ �9:7863, with the coefficient
of determination to be around 95.4%.
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Figure 13.2 (A) A 244-member large-scale transmission tower; (B) polynomial regres-
sion models (second- and third-order) of the deflection of this tower.
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13.3.2 Support vector regression
SVR helps us to determine the metamodel of a computation-intensive
model within the domain of interest of input variables. If the data are derived
from a physical experiment, the accuracy of the measurements taken could
be used to specify ε, for example, when measurements are performed using a
ruler, ε may be imposed to a tolerance value and the SVR will evaluate re-
sponses bigger than this set tolerance when fitting a prediction. The support
vector consists of all data points that lie on or outside this tolerance. SVR is
commonly known as a special case of support vector machines (SVMs), with
most of the literature focuses on the use of SVMs for classification rather than
SVR for prediction of function. In engineering design, predicting the actual
value of a response term is typically more of an interest than classifying data
sets. As such, rather than SVMs, we can consider SVR as an extension of
function methods on a radial basis. The interpolating radial basis function
(RBF) models actually operate as a special case of SVR.

The SVM approach is based upon statistical learning theory [22], also
known as structural risk minimization theory. It is based on the use of sup-
port vectors, which are examples that are near the decision surface, and
therefore, those are most difficult to be classified [23]. These examples
have a direct influence on the position of decision surface. In classification
problems, SVMs search for an optimal hyperplane that satisfactorily divides
the input data. This optimal hyperplane maximizes the separation margin
between two classes, defining a maximum-margin hyperplane [24]. When
the classes are not linearly separable, kernel functions map the examples to
a higher dimensional space, named feature space, where the examples
become linearly separable. The performance of SVMs is directly influenced
by the choice of the selected kernel function and the value of parameters
[25]. This dependency on the parameter values is not an exclusivity of
SVMs. Several learning algorithms depend on an adequate choice of the
parameter values that guide search for a good model in the solution space.
Knowledge of the domain can support the choice of an appropriate kernel
function, reducing the model selection problem to parameter tuning [26].

The standard SVR to solve the approximation problem is defined in Eq.
(13.23):

f ðxÞ¼
XN

i¼1

�
a*i �ai

�
kðxi; xÞ þ b (13.23)
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where a*i and ai are Lagrange multipliers. The kernel function kðxi; xÞ has
been defined (Eq. 13.24) as a linear dot product of the nonlinear mapping
function (B):

kðxi; xÞ¼BðxiÞBðxÞ (13.24)

The coefficients a*i and ai have been obtained by minimizing the following
regularized functional (Eq. 13.25):

Rreg½f � ¼ 1
2
w2 þ C

Xl

i¼1

LεðyÞ (13.25)

The term w2 has been characterized as model complexity, C as a constant
determining the trade-off, and the ε� insensitive loss function LεðyÞ being
given by Eq. (13.26):

LεðyÞ¼
(

0; forjf ðxÞ � yj < ε

jf ðxÞ � yj � ε; otherwise
(13.26)

The computer code implementation of SVR prediction from the training
data set is given at the end of the chapter in Appendix B.

13.3.3 Gaussian process regression modeling
Gaussian processes (GPs) or Kriging surrogates are powerful nonparametric
techniques using explicit regression models that are typically used in regres-
sion and classification problems in data science [27]. The reason for their
nonparametric nature is that when attempting to match the parameters of
a chosen basis functions, GPs seek to deduce how all the calculated data
are correlated. GPR models are mostly probabilistic models based on a
nonparametric kernel; the data do not have a normal distribution or standard
probabilistic distribution, while the kernel simulates the behavior of a basis
function that is being modeled.

GP has fewer parameters, simple model, and output of probabilistic
sense, when compared with the methods such as SVMs [28]. The character-
istic of GP depends mainly on mean function and covariance function. To
get a simplified formula, the mean function is assumed as zero, while the
covariance function decides the approximation between the training data
and the prediction data in the process of GP modeling [29]. The optimiza-
tion of GP models, due to their probabilistic nature, is based on maximiza-
tion of the probability of the model. This probability can be calculated by
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the marginal likelihood [30]. A GP model is a probabilistic nonparametric
black-box model. It differs frommost other frequently used black-box iden-
tification approaches in that it does not approximate the modeled system by
fitting the parameters of the selected basis functions, but rather it searches for
the relationship among the measured data [31]. The quality of GP models
depends heavily on the covariance matrix. A covariance function is selected
according to the user’s prior knowledge. Then the model is further adjusted
to the data with an appropriate tuning of the covariance function parame-
ters, known as hyperparameters.

AGP is, by definition, a set of random variables with the property whereby
the mutual dependence of each of its subfunctions is modeled by using a
Gaussian joint distribution function. A Gaussian distribution is a continuous
probability distribution with support of real numbers and explicitly defined
by the sample mean and a covariance: xwNðm;sÞ. In fact, a typical Gaussian
probability distribution may be defined (Eq. 13.27) by the function:

f ðxÞ¼ 1
ffiffiffiffiffiffiffiffiffiffi
2ps2

p e�
ðx�mÞ2
2s2 (13.27)

Similarly, a GP is a Gaussian random function and is fully defined
(Eq. 13.28) by a mean function mðxÞ and a covariance function kðx; x0Þ,
where:

f ðxÞwGPðmðxÞ; kðx; x0Þ (13.28)

Hence a Kriging model is formed using a function f that is distributed
with GP mean mðxÞ and covariance k. To define an individual GP, one
needs to choose a form for both the mean function (mðxÞÞ and covariance
function (kðx; x0Þ).

The covariance function (kðx; x0Þ) can be in general any function that
takes any two arguments, such that kðx; x0Þ generates a nonnegative defin-
itive covariance matrix K . The choice of the covariance function is typically
based on the underlying assumptions about certain aspects, such as smooth-
ness, regularity, and stationery, among others. There are a set of possible
covariance functions available, but one of the most frequently used is the
squared exponential covariance function as given in Eq. (13.29):

kðx; x0Þ ¼ s2f exp

�
� 1
2l2

jx� x0j2
�

(13.29)

The function of covariance is often called an RBF. The covariance for
each data is very similar to one of input data sets if the length scale is small
and exponentially decreases with the rising distance between inputs.

366 Aniket Kumar et al.



Here, sf and l are what we called the hyperparameters. In most cases, the
choice of hyperparameters will significantly influence the performance of
GP.

13.3.3.1 Prediction with Gaussian processes
Prediction problems are most often encountered in real-world situations,
typically related to events occurring in a time series. An example of a predic-
tion problem can be stated in the following manner: given some observa-

tions
n
y1; y2;.yN

o
of a dependent variable, subject to noise, which relies

on the input vector at certain time instants
�
x1; x2;.xN

�
. The problem

here is to find the best estimate of the dependent variable at a new time
instant xNþ1. In the GP framework, the inputs would be the vector X ¼�
x1; x2;.xN

�
; and the test points would be the vector X*, composed of

all the points we would like to predict and, in this case, only xNþ1.
Consider a set of observations; y; each element is a sample from a

Gaussian distribution, representing the actual value of the observation
affected by some independent Gaussian noise ε with variance sn. We can
then consider the observations as being the sum of a function plus an additive
Gaussian noise as given by Eq. (13.30):

y¼ f ðxÞ þ ε (13.30)

Given this, the objective is to predict the expected model value f*, given
the test input x*. Recalling that a GP is a set of random variables that have a
consistent Gaussian distribution with mean zero, we can represent the prob-
lem (Eq. 13.31) as

"
y

y*

#

wN

 

0;

"
KðX;XÞ þ s2ndpqKðX*;X*Þ

KðX*;XÞKðX*;X*Þ

#!

(13.31)

Here, the differentK matrix matrices are built using any function kðx; x0Þ
that is able to perform as a covariance function. In the presence of observa-
tions with noise, the covariance between any two observations is given by
Eq. (13.32):

cov
	
yp; yq



¼ k
�
xp; xq

�þ s2ndpq (13.32)

where dpq is the Kronecker delta function; hence we can derive Eq. (13.33):

covðyÞ¼KðX ;XÞ þ s2nI . (13.33)
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The prediction step consists of estimating the mean value and the vari-
ance for y*. Considering that y and y* are jointly distributed Gaussian
random vectors, then the conditional distribution of y* given the observa-
tion y is determined by Eqs. (13.34e13.36):

y*
ywN

	
f*; covðf*Þ



(13.34)

f*¼ kT* C
�1
N y (13.35)

covðf*Þ¼ k** � kT* C
�1
N k* (13.36)

Themeanvalueof theprediction, f* in the previous equation, gives the best
estimate for y* and is also known as the matrix of regression coefficients. The
covariance covðf*Þ is a measure of uncertainty in the estimation. An important
conclusion from these results is that the mean prediction ðf*Þ is a linear com-
bination of the observations y. Another aspect to observe is that the covariance
covðf*Þ does not depend on the observations, but only in the inputs.

13.3.3.2 Determination of Kriging hyperparameters
Given a covariance function, it is straightforward to make predictions for
new test points, as is only a matter of algebraic matrix manipulation. How-
ever, in practical applications, it is unlikely to know which covariance func-
tion to use. The reliability of our regression is then dependent on how well
we select the parameters that the selected covariance function requires. For
example, the covariance function defined by Eq. (13.37) as

k
�
xp; xq

�¼ s2f exp

�
� 1
2l2
�
xp � xq

�2
�
þ s2ndpq (13.37)

l is the length scale, sf is the noise in data, and sn is the noise variance. The
length scale characterizes the distance in input space before the function
value. Shorter length scales mean that the predictive variance can grow
rapidly away from the data points, and all the predictions are little correlated
between each other. In the same way, we can think about sf as the vertical
length scale. The noise that affects the process is supposed to be random, and
so no correlation between different inputs is expected, and so the term sn is
only present on the diagonals of the covariance matrix.

Let q be the Kriging hyperparameter that determines the quality of pre-
diction. The maximum a posteriori estimate of q occurs when the marginal
likelihood pðyjX ; qÞ is maximized in reference to the observations or
training data set. It must be noted that the optimization of pðyjX ; qÞ is a
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nonconvex problem, so there is no guarantee of convergence. Such a maxi-
mization is usually achieved through some standard gradient-based tech-
nique, as long as the partial derivatives of the covariance matrix with
respect to each one of the parameters are possible to get. Standard
gradient-based solvers, such as the steepest descent algorithm, can find the
set of near-optimal hyperparameters that maximize the likelihood function.
A standard gradient-based search formulation for getting optimal q until
convergence, given that the learning rate is appropriate, can be written as
in Eq. (13.38):

qk¼ qk þ w
v

vqk
pðyjX; qÞ (13.38)

As an alternative to the maximum likelihood estimation of the parame-
ters, which is described before, a cross-validation technique may also be
adopted. MATLAB code for GP or Kriging surrogate model training and
prediction is given in Appendix C.

13.4 Surrogate model-driven bio-inspired
optimization algorithm

In certain applications such as optics, biomedical engineering or aero-
space design problems tackled by bio-inspired optimization methods usually
depend on computer simulations. Such simulations are conducted not only
for testing purposes but also to properly tune the configuration of the overall
system by providing a quantitative indicator of its performance [32]. These
problems, and other related ones, can be mitigated by the adoption of sur-
rogate models, which reliably portray the expensive simulation-based model
in a cheaper and analytically tractable way [33]. Furthermore, once built to
achieve an admissible accuracy level, the surrogate model can be exploited to
provide hints about where promising candidate solutions are located over
the solution space, thereby serving as a driver for optimized heuristic search
operators [34].

13.4.1 Genetic algorithm
A genetic algorithm (GA) is a search technique used in engineering to find
approximate solutions for optimization and search problems [35]. GAs are a
particular class of algorithms that are inspired by the evolutionary biological
process, such as inheritance, mutation, selection, and crossover. The main
parameters used in GA procedure are population size, number of generation,
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crossover rate, and mutation rate. The algorithm is initialized by generating
random individual solutions to form an initial population covering the entire
range of possible solutions. During each successive cycles, a proportion of
the existing population is selected to breed a new generation. Individual so-
lutions are selected through a fitness-based process.

The next step is to generate a second generation of a population of so-
lutions from those selected through genetic operators: crossover and muta-
tion. For each new solution to be produced, a pair of “parent” solutions is
selected for breeding from the pool selected previously. This generation
process is repeated until a termination condition is reached. To summarize,
a GA process involves the following steps:
1. Choose an initial population.
2. Evaluate the individual fitness of a certain proportion of the population.
3. Select pairs of best-ranking individuals to reproduce.
4. Breed a new generation through crossover and mutation.
5. Continue until terminating condition.

13.4.2 Surrogate model-driven genetic algorithm
The surrogate model-driven GA (SMGA) starts with the preparation of the
initial population of admissible solutions. In each generation [36], the algo-
rithm fits the model, evaluates individuals either with the original fitness or
with the surrogate model, and generates a new population with selection,
crossover, and mutation. These steps are repeated until some acceptable so-
lution is found or user-specified resources are exhausted. The surrogate
model can be used only when the initial set of original-fitness-evaluated
input points has been collected. Approximating the fitness function with
some regression/surrogate model is a common cure for tasks when a
high-fidelity objective function has to be used. These surrogate models
simulate behavior of the original function while being much cheaper and
much less time-consuming to evaluate.

In each generation, the algorithm fits the model, evaluates the individual
with the original fitness or with the surrogate model, and generates a new
population with selection, crossover and mutation.

Once an SMGA model is fitted, it can be used for evaluating individuals
resulting from evolution. An individual evaluated by this model generally
consists of continuous and discrete parts; the key steps for an SMGA include
the following:
1. Initialize population P by randomly generating potential solution

candidates.
2. If not sufficient data available, evaluate P with original fitness.
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3. Evaluate P with surrogate models, if the model error is less or within
limits.

4. Continue with 2 until an acceptable solution is found or solving budget
exhausted.

13.4.3 Particle swarm optimization
Particle swarm optimization (PSO) was first introduced by Kennedy and
Eberhart (1995) [37] inspired by the social behavior of animals, such as
bird flocking and fish schooling. PSO gained popularity due to its robust sto-
chastic search algorithm, and today, researchers across the globe work exten-
sively on PSO to tackle optimization problems encountered in science and
engineering. PSO uses the “flying”movement of “particles” in a swarm and
has a mechanism to search for the global and local optimum positions. Each
particle in the swarm is considered as a point in a D-dimensional design var-
iable vector space. The kth particle is characterized by its current (mth iter-
ation) position vector (xk,m) and velocity vector (vk,m). For each iteration of
the algorithm, the current particle’s position is considered as an optimal so-
lution. The objective function (also known as the “fitness function”) is then
computed based on the current position, and the personal best fitness value is
stored as a variable, pbest. If the particle’s position corresponding to pbest is
“better” than that in the previous iterations, then that position of particles
is stored as pk,m. Another best solution is obtained based on the global fitness
value (gbest) considering the entire particle population. The global best posi-
tion of the particle related to gbest is stored as pg,m. The primary optimal search
objective is to explore a better position and fitness value by updating xk,m,
pbest, and gbest. The mechanism of particle updating, from iteration m to
mþ1, to obtain the global best fitness value is formulated as detailed in
Eqs. (13.39 and 13.40) [37]:

vk;mþ1¼wvk;m þ c1r1
	
pk;m� xk;m



þ c2r2

	
pg;m� xk;m



(13.39)

xk;mþ1¼ xk;m þ vk;mþ1 (13.40)

where r1 and r2 are uniform random numbers between 0 and 1, and c1 and c2
are positive constants that randomly pull/push each particle toward the
optimum region. “w” is the inertia weight that controls the global and local
search ability of the swarm by balancing between exploration and exploi-
tation. The parameters used in the algorithm are discussed in detail in the
literature along with their selection criteria for better convergence. The
particle population size used in PSO typically varies in the range from 20 to
50 for most practical problems.
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13.4.4 Surrogate model-driven particle swarm optimization
The solution scheme of a surrogate-driven optimization problem has two
major parts: the optimization part, and the computation of optimization
objectives and constraints. In general, a double-loop approach is adopted
for solving an optimization problem, wherein a surrogate model is used
in the inner loop to compute the optimization parameters of interest,
and an optimizer in the outer loop to obtain the global optimum design
variable values of interest. The level of complexity in large-scale optimiza-
tion problems [7] demanded innovative approaches to solve such problems.
To this end, researchers started adopting ideas from the law of nature and
translated them to solve problems in multi-/interdisciplinary problems.
This led to the inception of bio-inspired heuristic or EAs to solve chal-
lenging optimization problems, particularly considering uncertainties in
design. Optimization methods that are traditionally solved by classical
gradient-based approaches are constantly encroached by EAs due to their
(1) robustness and flexibility, (2) reasonable computational effort, albeit
not compromising the solution accuracy, (3) intuitive mathematical
formulation, and (4) ability to handle stochastic and dynamic information.
Also, such techniques provide a solution in a heuristic way as compared
with gradient-based approaches, which suffer from drawbacks, such as
the curse of dimensionality and accounts for continuity and differentiability
of the objective/constraint functions. A generalized surrogate modele
driven PSO algorithm for optimization solution scheme is performed
following these steps:

1. A total of Kpart PSO particles are randomly generated. The kth particle is
characterized by the design variable.

2. During the first PSO iteration, for the kth design variable (particle), the
response parameters required for the objective function and the con-
straints are obtained using the computationally lighter surrogate model. It
must be noted that a surrogate model can be constructed separately as
discussed in Section 13.3. The deterministic/probabilistic parameters are
estimated using simulation by a suitable sampling technique in the sur-
rogate modeling framework.

3. The kth particle is accepted if the constraints are satisfied; it is rejected
otherwise.

4. Successive PSO iterations with Kpart particles are performed until the
objective function is minimized/maximized and the optimum design
variables are obtained.
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13.4.5 Other bio-inspired algorithms
13.4.5.1 Firefly algorithm
The pattern of flashes of fireflies is often unique for a particular species. The
flashing light is produced by a process of bioluminescence [36]; the optimal
functions to describe such signaling systems have yet to be determined.

Firefly algorithm (FA) is a new swarm intelligence algorithm developed
[38] to simulate the social behavior of fireflies. Fireflies use flashing to attract
mating partners. The movement of fireflies is determined by the resulting
attraction, and the attractiveness is related to the intensity of the emitted
light. FA has been successfully applied to various optimization problems,
such as structure design [39], stock forecasting [40], and production sched-
uling [41]. But FA is similar to other swarm intelligence algorithms; the per-
formance of FA is poor in high-dimensional problems. It has low local search
accuracy and is easy to fall into local extremum in some cases. Therefore,
researchers have made modifications and also hybridized it with other algo-
rithms to improve the performance [42]. To overcome these problems, a
new FA variant, namely quantum-inspired hybrid firefly algorithm
(QHFA), is proposed [43]. The quantum coding and quantum computing
principles were introduced to FA to keep a better diversity of the population
throughout the search and to reduce the size of the population.

For describing the FA, three idealized rules are followed: (1) all fireflies are
unisex such that one firefly is attracted to another regardless of sex; (2) attractive-
ness is proportional to their brightness; thus for any two flashing fireflies, the less
bright onewillmove toward the brighter one; and (3) the brightness of afirefly is
affected or determined by the landscape of the objective function. For amaximi-
zation problem, the brightness can simply be proportional to the value of an
objective function. Other forms of brightness can be defined in a similar way
to the fitness function on GAs. Steps in utilizing a FA include the following:
1. Generation of initial population of fireflies xi (i ¼ 1, .,n).
2. Light intensity Ii at xi is determined by f(xi).
3. Defining light absorption coefficient.
4. If Ij > Ii, firefly i move toward j in d dimension.
5. Attractiveness varies with distance r; new solutions are evaluated and light

intensity is updated.
6. Ranking the fireflies and finding the current best solution.

13.4.5.2 Krill herd algorithm
The formation of groupings of various species in marine animals is underdis-
persed and not random. The major mechanism identified is related to
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feeding ability, enhanced reproduction, protection from predators, and
environmental conditions [27]. The three essential actions determining
the position of an individual are movement induced by the presence of other
individuals, foraging activity, and random diffusion. Steps in utilizing a krill
herd algorithm include the following:
1. Define the simple bounds, and determine algorithm parameter(s).
2. Randomly create the initial population in the search space.
3. Evaluate each krill individual according to its position.
4. Calculate motion:

a. Motion induced by the presence of other individuals
b. Foraging motion
c. Physical diffusion

5. Implement the genetic operator(s)
6. Update the individual krill position in the search space.
7. Repeat: Go to step 3 until the stop criteria is reached.

13.4.5.3 Marine predators algorithm
Marine predators display an uncanny ability to remember locales of produc-
tive foraging [44]. According to a “survival of the fittest” heuristic, top pred-
ators in nature are the most successful at foraging. Thus, the optimal or
“fittest” solution is nominated as a top predator to construct a matrix which
is called Elite. Another matrix with the same dimensionality as Elite is called
Prey. As previously detailed [44], running the algorithm begins with an initial
Prey matrix. Predators update their positions based upon it; the fittest pred-
ator produces the Elite matrix. After updating the prey, this matrix is eval-
uated for fitness to update the elite (predator). The fitness of each solution of
the current iteration is compared with its equivalent in prior iteration, and
the current one replaces the solution if it is more fitted. This process also
improves the solution quality with lapse of iteration and also simulates the
return of predators to the locations of the prey-abundant area with successful
foraging. Steps in utilizing the marine predator algorithm include the
following:
1. Initialize search agents (prey) population i ¼ 1, ., n.
2. If termination criteria is not met, calculate the fitness, and construct the

Elite matrix and accomplish memory saving.
3. If iteration < maximum iteration/3, update prey.
4. Else if maximum iteration/3 < iteration < maximum iteration/2,

a. for the first half of the populations (i ¼ 1, .,n/2), update prey;
b. for the first half of the populations (i ¼ n/2, .,n), update prey;
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5. Else if iteration >2*maximum iteration/3, update prey.
6. Repeat until accomplish memory saving and Elite update.

13.4.5.4 Artificial bee colony algorithm
An artificial bee colony algorithm is a swarm-based algorithm, which is
recently introduced. It simulates the intelligent foraging of honeybee swarm
behavior [45]. In this algorithm, a swarm of virtual bees is generated, which
starts to move randomly in a search space that is two dimensional. Bees
interact among themselves whenever they find target nectar, and the solu-
tion of the problem is obtained from the intensity of these bee interactions.
The solution of randomly distributed initial population (xi ¼ 1, 2, ., D) is
dispreading over the D-dimensional problem space. An artificial onlooker
bee chooses a food source depending on probability value associated with
food source Pi, as calculated by Eqs. (13.41 and 13.42):

Pi¼ fiti
Pn

i¼1
fitn

(13.41)

here fiti is the fitness value of the solution I, which is proportional to the
nectar amount of food source in the position I, and N is the number of food
sources, which is equal to the number of employed bees.

To produce a candidate food position from memory, the ABC algorithm
uses the following expression:

vij ¼ xij þ fij
�
xij � xkj

�

here k ¼ f1; 2;.; Ng and j ¼ f1; 2; .; Dg
are randomly choosen indexes.

(13.42)

Pseudo-code of artificial bee colony algorithm:
1. Initialize the population of solution xi; I ¼ 1, 2, ., N.
2. Evaluate the population.
3. Iteration ¼ 1:

a. Produce new solution vi for the employed bees and evaluate them.
b. Apply the greedy selection process for the employed bees.
c. Calculate the probability values Pi for the solution xi.
d. Produce new solution vi for the onlookers from the solutions xi

selected, depending on Pi and evaluate them.
e. Apply the greedy selection process for onlookers.
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f. Determine the abandoned solution for the scout, if exists, and replace
it with a new randomly produced solution xi.

g. Memorize the best solution achieved so far.
4. Iteration ¼ Iteration þ1.
5. Continue until terminating condition.

13.4.5.5 Artificial immune optimization algorithm
An artificial immune algorithm based on clonal selection principle (CLO-
NALG) is used to optimize function. CLONALG is a population-based al-
gorithm, and its only variation operator is mutation [27]. Evidently, the
main search power of CLONALG relies on this mutation operator, and
therefore, the efficiency of such hypermutation operators is the deciding
factor technique in the evolutionary search.

Artificial immune algorithms are based on clonal selection principles;
they are population-based algorithms. Artificial immune system (AIS) is
inspired by the human immune system, which is a highly evolved, parallel,
and distributed adaptive system that exhibits the following strengths: im-
mune recognition, reinforcement learning, feature extraction, immune
memory, diversity, and robustness [46]. There are three main application
domains that AIS research effort have focused on, viz. fault diagnosis, com-
puter security, and data analysis. The reason behind this is that it is relatively
easy to create a direct link between the real immune system and the afore-
mentioned three application areas, e.g., in the applications of data analysis,
clusters to be recognized are easily related to antigens, and the set of solutions
to distinguish between these clusters is linked to antibodies [47]. AISs are
computational systems, inspired by theoretical immunology and observed
immune system functions. They have been successfully applied to many
application areas [48]. The immune system is a complex of cells, molecules,
and organs that aim to protect the body against infection. In the presence of
infections, antigens, the substances capable of stimulating an immune
response, are generated. The immune system usually produces a group of
B cells, which secrete antibodies [49]. These antibodies can recognize and
bind antigens and finally kill them.

Utilizing the pseudo-code for artificial immune optimization algorithm
includes these steps:
1. Generate N antibodies randomly.
2. Determine the affinity or fitness of each antibody.
3. Select the n highest affinity antibodies.
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4. The n selected antibodies will be cloned proportionally to their affinities,
generating a repertory C number of clones. The higher the affinity is, the
higher the number of clones generated for that selected antibody becomes.

5. The clone from C is subjected to a hypermutation process inversely pro-
portional to their antigenic affinity; the higher the affinity, the smaller
the mutation rate.

6. Determine the affinity of the mutated clones.
7. From this set of mutated clones and antibodies, select the highest affinity

to compose the new antibody population.
8. Replace the d lowest affinity antibodies by new individuals generated at

random.
9. Continue until terminating condition.

13.5 Concluding remarks

This chapter introduces surrogate models in evolutionary optimiza-
tion of physical systems. State-of-the-art surrogate models are introduced,
and their computer implementations along with features are discussed in
the context of large-scale and high-dimensional problems. A data-driven
nonintrusive approach based on the least-square technique is used for the
determination of hyperparameters/coefficients of the surrogates. For verifi-
cation of the metamodels, error estimate measures are determined. Polyno-
mial surrogates are built on numerical models with high dimensionality and
computational complexity. Bio-inspired heuristic optimization algorithm,
GA, and PSO are discussed along with the implementation of a generalized
surrogate modeledriven EA for large-scale optimization problems. Some of
the popular bio-inspired optimization algorithms are also discussed along
with their computer implementations.

As evident from other recent works on the application of surrogate
models in the field of data-driven surrogate modeling in optimization
[5e7,37], biomimetic design in aerospace applications [50,51], better
parameterization of the standard algorithms such as the use of sparse data rep-
resentations, data compression computer methods, more efficient designs of
experiments, and so on are expected to improve the surrogate models, in
general. Finally, a more comprehensive comparison considering accuracy,
robustness, computation cost, and simplicity for surrogate models should
enable optimal approaches to solving high(er)-dimensional problems
[6e12, 52e55].
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Appendices

Appendix A
MATLAB code for building polynomial regression

% Input the dataset vector of input (x) and output (y) variables.
x ¼ [x1;x2;.];

y ¼ [y1;y2;.];

% Fit a polynomial regression model of degree/order 1, 2, 3 etc.
p1 ¼ polyfit(x,y,1)

p2 ¼ polyfit(x,y,2)

p3 ¼ polyfit(x,y,3)

% Build the polynomial model of output with its fitted coefficients.
yfit ¼ p3(1) * x.̂3 þ p3(2) * x.̂2 þ p3(3) * x þ p3(4);

Appendix B
MATLAB code for support vector regression model training and prediction

% Training and testing dataset vector.
X ¼ [X1,X2,.]’;

y ¼ [y1,y2,.]’;

% Train a default SVR model.
tbl¼table(X,y);

Mdl ¼ fitrsvm(tbl,y)

% Check the model for convergence.
Mdl.ConvergenceInfo.Converged

% Retrain the model using standardized data.
MdlStd ¼ fitrsvm(X,y,’Standardize’,true)

% Compute the resubstitution (in-sample) mean-squared error for the
new model.

lStd ¼ resubLoss(MdlStd)

iter ¼ Mdl.NumIterations

Appendix C
MATLAB code for Gaussian process or Kriging surrogate model training and
prediction

% Training and testing dataset vector.
x ¼ [x1,x2,.];

y ¼ [y1,y2,.];
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% Training the Kriging surrogate model.
tb1¼table(x, y);

grp¼fitrgp(tb1,’y’)

% Kriging model and prediction.
xnew¼linspace(x1,.x2)’;

[ypred,ysd]¼predict(grp,xnew);

% Plotting of the Kriging surrogate model for predicted values.
plot(x,y,’r.’)

hold on

plot(xnew,ypred,’b’)

hold off;
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CHAPTER FOURTEEN

Advancing research efforts in
biomimicry to develop nature-
inspired materials, processes for
space exploration and more
efficient aircraft
Tiffany S. Williams
NASA John H. Glenn Research Center, Cleveland, OH, United States

14.1 Introduction

The electrification of aircraft, lunar exploration, and future Mars mis-
sions will drive innovation for aerospace materials development in the 21st
century. The aviation industry is making significant advancements toward
the electrification of commercial aircraft and urban air mobility (UAM)
vehicles, which will push the physical limits of materials most often used
in legacy aircraft. Higher operating temperatures, switching frequencies,
and power densities will be required to enable electric propulsion. Better
thermal management solutions will be essential for these advanced high
power-dense systems to minimize energy losses. New materials for safer bat-
teries, as well as flame-retardant lightweight battery packaging, are also
needed, as these components indirectly affect efficiency in electric aircraft.
In addition, noise levels in electric vertical take-off and landing (eVTOL)
aircraft will have to be significantly lower than that of traditional rotorcraft
prior to being put into operation [1]. Fig. 14.1 offers a depiction of the
various systems and components requiring modification to enable aircraft
electrication.

In space exploration, NASA is establishing a long-term, sustained pres-
ence on the Moon, using lunar exploration as a proving ground for future
manned Mars missions. Similar to the Apollo era, these missions will drive
innovation, but unlike the Apollo era, the materials needed for future lunar
missions will have to be designed to survive long-term operation. As a result,
new materials, structures, and devices that can tolerate extreme temperatures
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and temperature fluctuations, micrometeoroid impacts, cosmic, solar and
ionizing radiation, dust accumulation and storms, will be required for almost
every application. In other words, the aviation industry and space explora-
tion are moving simultaneously toward different areas that will require novel
materials with unique properties for very specific applications. Some of the
materials needed to support these applications do not currently exist or are
not commercially available. Introducing multifunctionality into as many
materials and structures will help conserve mass, leading to either better
efficiency and lower emissions for aircraft or lower payload mass and cost
savings for space travel. To achieve optimal performance, sustainable
operation, and mission success under these relatively unfamiliar conditions,
researchers and engineers should look intently at the living systems around
us that have learned to adapt, survive, and thrive effectively and efficiently
since the origins of the Earth.

Applying biological principles to design new materials and processing
techniques is believed to offer many advantages in support of NASA’s pro-
grams [2]. The intentional order of hierarchical assemblies between organic
and inorganic moieties found in numerous organisms has performed excep-
tionally well in extreme terrestrial environments, such as droughts, radiation
[3], Arctic, desert, rough terrains, high impacts, and intense vibrations [4].

Figure 14.1 System-level improvements for aircraft electrification. Courtesy: NASA.

386 Tiffany S. Williams



On the contrary, synthetic composites comprised of inorganic and organic
moieties developed using conventional composites processing methods
require substantial sample preparation to optimize compatibility between
the interfaces, because without appropriate surface modification or prepara-
tion, interfacial mismatch and flaws will be evident when the material is
exposed to stresses. If either gaps are present within the interfaces or poor
interfacial bonding exists between dissimilar materials, then the material
will be more prone to premature failure and inferior mechanical, thermal,
or electrical properties are usually observed. For next-generation aerospace
materials to perform reliably with greater longevity, living systems should be
studied in more detail to seek practical solutions to engineering and material
design challenges.

New acoustic insulation materials are always needed to enable quieter
flight, and research into creating innovative acoustic liners has been further
advanced by inspiration from the owl and natural reeds [5]. To improve the
service life of lightweight, structural polymer matrix composites (PMCs), the
need for self-healable materials that can heal after numerous damage and re-
covery cycles would be invaluable for automotive and aerospace structures.
New adhesives with high bond strength that can be sustained in extreme
environments would be useful for both space and aeronautics applications.
Innovative fiber reinforcement having both high strength and toughness
for composites is still being sought, but could be made possible by studying
the morphology, proteins, chemistry, and spinning of spider silk [6]. Curved
lamellae reinforcement observed in the spines of conch seashells is believed
to be responsible for the 30% increase in fracture toughness compared with
straight lamellae found in the body [7] and, therefore, could be the inspira-
tion behind the design of stronger reinforcement for composites with com-
plex geometries.

Other nanofibrillar structures in nature are also reported to display
remarkable mechanical properties [8]. For example, algae, shown in
Fig. 14.2, have impressive tensile strength, which is obvious by their ability
to vigorously reproduce while enduring constant mechanical stresses appear-
ing in the form of high tidal forces [9]. Resistance to different types of radi-
ation observed in the genetic response in tardigrades, bdelloid rotifers [10],
melanin [11,12], and parasitic wasps, such as the Habrobracon [13], can be
the motivation behind smart, lightweight, radiation-tolerant structural
coatings for both robotic and crewed missions. The nano- and microstruc-
tures found in cicada and butterfly wings and moth eyes can be the
inspiration behind materials with unique optical properties [14e18].
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As fabrication methods become more sophisticated, the prospects of produc-
ing better aerospace materials with enhanced performance are more within
reach when nature is our model. Multidisciplinary team interactions will be
essential for investigating nature’s bottom-up processing approach. Teams
will have to be comprised with those having biology, materials science,
chemistry, physics, architecture, mechanics, and even computational
modeling expertise, to realize the true potential that nature has to offer in
solving technical challenges. NASA’s Virtual Interchange for Nature-
inspired Exploration (V.I.N.E.) working group was established with this
concept in mind.

Four classes of materials are typically used in aeronautics and space appli-
cations. These materials are categorized as either metals, polymers, ceramics,
or composites [19], of which composites can be either PMCs, metal matrix
composites (MMCs), or ceramic matrix composites (CMCs). Metallic mate-
rials are most commonly used in aerospace systems and are comprised mostly
of aluminum alloys, titanium alloys, iron alloys, superalloys, or copper alloys
[19]. Strength-to-weight ratio is usually a critical factor for space structures,
which is why polymers and PMCs are often considered when lightweight,
flexibility, and/or tailorability is a requirement [20]. Carbon fibere
reinforced epoxy is a well-known aerospace-grade structural PMC, while
polyimides, phenolics, and fluoropolymers are other well-known polymers
sought for their high glass-transition temperature (Tg), flame retardancy, and
chemical resistance, respectively. Ceramics are mostly used for thermal
protection systems, high-temperature coatings, and jet and rocket engine
components. These four material types are all made by different processes
and require different techniques to tailor stiffness, ductility, thermal stability,
or optical properties. Because of the broad nature of these material classes,

Figure 14.2 Images of algae: (A) Ulva lactuca algae with Chaetomorpha algae entangle-
ments. (B) Scanning electron micrograph of surface of Ulva lactuca algae at �2.5k
magnification. (C) Optical micrograph of ribbed segments of Chaetomorpha algae fila-
ment. Courtesy: T. Williams/NASA (public domain as a work product of a U.S. Government
employee).
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this chapter will be limited to discussing biomimetic examples as it applies
mostly to polymeric materials.

Synthetic aerospace materials are often the product of chemical reactions
produced by the use of toxic solvents, chemicals, high temperatures, pres-
sures, and other harsh processing conditions. The methods from which these
materials are made can even pose environmental concerns at their end-of-
life service, because they either leach toxic substances, do not naturally
decompose, or require a significant amount of greenhouse gases to decom-
pose. On the other hand, some natural systems form highly complex struc-
tures under ambient or relatively benign conditions and perform
exceedingly well in response to mechanical stresses. Understanding how
nature can execute these tasks with efficiency would be highly advantageous
when it comes to in-space manufacturing, as well as manufacturing on
Earth. Designing new bio-inspired processes will be challenging and may
look drastically different from established processing methods that have
been used to develop well known polymers and composites. Before
describing how it may be possible to use biomimicry as a tool to develop
better aerospace materials, it will be worth discussing in more detail why
we should study materials in nature.

In this chapter, we describe examples of different biological models that
may be useful to apply in aerospace materials design. The examples listed in
this chapter are certainly not an exhaustive list of organisms of interest, as
some of the examples may not be feasible when factoring in the dynamic
environments and other system constraints commonly experienced in aero-
space systems. The intent of this chapter is threefold. We provide an over-
view of some state-of-the-art aerospace materials, their applications, and
common fabrication processes. Findings from studies that have included
bio-inspired approaches in aviation and space technology are summarized
and new models are illustrated. We discuss existing barriers that may prevent
the benefits of biomimicry from being fully realized in aerospace materials
development.

14.2 Functional surfaces

One biomimetic approach to making aerospace materials more multi-
functional is to introduce additional functionality at the material surface. So-
phisticated and highly ordered micro- and nanoscale surface architectures
have led to many unique properties found in living systems so it is worth
adopting a similar approach when designing next-generation aerospace
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materials. Lenses, spacesuits, spacesuit visors, instruments, inflatable soft
goods, seals, batteries, and power systems will have to rely on some form
of a dust mitigation strategy for lunar and Martian surface missions to be sus-
tainable. Aircraft icing is a common issue in the aviation industry that
threatens flight safety. Ice accretion on the airframe surface also affects per-
formance by reducing lift and increasing weight and drag. Solid particle
erosion is a leading cause of material failure in numerous aerospace machine
components, which include gears, structural coatings, and even spacesuit
fabrics. When the erosion process is well understood, researchers can find
effective ways to prevent or significantly reduce wear to increase the
longevity of aerospace systems. Perhaps performance or structural benefits
could be realized if surface functionality through chemical and physical
methods were incorporated in the design of some of the previously
mentioned applications.

14.2.1 Antifouling coatings and bioadhesion
Biofouling is a well-known concern in the aviation industry, as the presence
of microbial growth on aircraft parts, such as in fuel tanks, pipes, and filters,
has led to operational issues, fires, and explosions [21]. Controlling
biofouling has also been a challenge on spacecraft from parachutes to water
handling systems [22,23]. However, some marine life, such as mussel shells
and sharks, have been observed to contain very little microbial contamina-
tion [24,25]. Similar to human-made structures, bacteria and other organ-
isms that attach to living species can lead to its destruction. On the other
hand, mussels, whales, and sharks contain microscale ridges and grooves,
which makes deposition of bacteria and algae very difficult to occur, but
the exact mechanism by which it does this is complex, as a number of factors,
including microstructure and hydrophobicity, govern biofouling resistance.
Even when biofouling resistance was observed to exist in surface-modified
synthetic materials, the antimicrobial properties have been reported to
degrade over time due to changing surface properties [26]. This observation
makes the case for the need to investigate the resiliency of surface properties
in some marine life species, as well. Fig. 14.3 shows a mussel shell containing
ridges that surround the geometry of the shell.

14.2.2 Sustainable dust mitigation through a bio-inspired
approach

During NASA’s Apollo program, lunar dust was identified as an abrasive
powder that adhered to the surfaces of almost everything from thermal
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control systems, batteries, and spacesuit textiles, to seals and boots. Not only
was the lunar regolith abrasive, but in many instances, the accumulation of
lunar dust onto the surfaces of instrumentation or equipment degraded the
performance of thermal control systems due to the formation of an insula-
tion layer, which led to the systems overheating. Dust was also reported
to cause respiratory irritation for astronauts [27]. For future lunar and
Mars missions to be successful, multiple forms of dust mitigation strategies
will have to be implemented to prevent the deterioration of equipment
that support human space exploration and habitation [28,29].

NASA researchers have investigated both passive and active dust miti-
gation strategies, which includes either preventing dust accumulation and
the adherence of dust on various surfaces or actively removing the dust
through either blowing, brushing, or external magnetic and electric fields
[27,28]. A combination of both passive and active strategies will more than
likely be a sufficient and sustainable approach to controlling lunar dust sur-
face contamination for long-term missions, with preference leaning toward
methods that involve the least reliance on external power sources for dust
removal. Biological systems could serve as a model for passive dust mitiga-
tion solutions for extraterrestrial applications, but the remedy will not be
trivial, as the Moon’s environment consists of solar winds, radiation, and
other conditions that are not encountered on Earth. These unique condi-
tions make dust control measures for lunar exploration significantly more
difficult to manage compared to developing dust control strategies for
terrestrial applications.

Observing beads of water rolling debris off a lotus leaf is a standard
example that often comes to mind when we think of dirt-repellant surfaces.
For lunar dust mitigation, this type of bio-inspired self-cleaning approach

Figure 14.3 Microscale ridges on mussel shells are believed to resist biofouling
deposits. Image credit: Erik Veldhuis, Creative Commons (CC BY-SA 2.0) license. https://
creativecommons.org/licenses/by-sa/2.0/.
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may not be considered plausible because of the absence of rain or dew that
would prevent the self-cleaning from being consistent and autonomous as it
is for plants on Earth. Though increasing the surface roughness on equip-
ment by introducing nanoscale features may help reduce the attraction of
dust to the substrate, the presence of electrical charges in the lunar dust par-
ticles would require more forces to break up compared to terrestrial dust.
This makes it very difficult to implement a single passive dust mitigation
strategy for the Moon or Mars exploration since lunar dust particles adhere
through multiple types of attractive forces, including electrostatic
interactions, mechanical forces, and Van der Waals forces [30].

Removing dust particles from equipment on the Moon would involve
applying enough force to the particles to detach it from the surface and levi-
tate the dust particles from the surface in such a way that recontamination
and redepositing does not reoccur [30]. Because of this added complexity,
a combination of different bio-inspired mitigation approaches may be
more reasonable to remove dust on tools and equipment used for lunar
and Mars missions. For instance, electroactive stimuli-responsive polymer
coatings or other types of self-actuating materials may be considered for
such an application if the technology can introduce enough force to remove
the adhered dust from the contaminated surfaces.

14.2.3 Self-cleaning surfaces
Since the 1970s, the lotus plant, Nelumbo nucifera, has been a source of
wonder for its ability to remain almost untouched in the dirtiest environ-
ments. This inspired many researchers to investigate the effects of surface
tension and contact angles more closely. Self-cleaning surfaces are those
considered to have (1) a contact angle, q > 150 degrees, which renders
the surface superhydrophobic, and (2) a low contact angle hysteresis
of <10 degrees to facilitate the easy roll-off of dirt when tilted [31].
These characteristics prevent water or hydrophilic contaminants from
sticking to the substrate so that when two objects with different surface
energies come into contact, it prevents those objects from sharing an af-
finity to one another.

Surface tension and water contact angles of materials can be tailored by
modifying the surface chemistry and/or surface topography. Reducing the
surface energy of materials by changing the microtexture is a strategy often
pursued, as this approach is believed to be the predominant self-cleaning
mechanism observed in plants, namely the Nelumbo nucifera [29]; however,
hundreds of other plant species also display a similar self-cleaning behavior
as that of the lotus leaf [32].
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Fig. 14.4 shows the surfaces of different water-repellant plant species.
The surface roughness observed on the leaves of many types of water-
repellent plants lowers the contact area between dust particles and the plant
surface, which in turn decreases the surface energy [32]. The hydrophobic
effect in plants is caused by waxes that are secreted through cuticular struc-
tures of the plant [32]. The waxes often contain three dimensional (3D) crys-
tal geometries that introduce additional roughness on the plant surface. This
function is effective with repelling water and facilitates the removal of dirt or
particulates by allowing contaminants to be washed away by rain.

Animals also have self-cleaning abilities similar to plants. The footpads of
the gecko [33], elytral of dung beetles [34], and earthworms have all served
as inspiration to materials scientists studying dirt-repellant surfaces. Similar to
plants, waxes present on the elytral of beetles are believed to play a role in
hydrophobicity [34]. Also similar to plants are the micro- and nanotextured
surfaces that the gecko, dung beetles, and earthworms have, which

(A) (B)

(C) (D)

Figure 14.4 (A) Lotus leaf containing micropillars covered in waxes, which repel water
and dirt. (B) Papillae centered atop convex, hexagonally shaped cells on taro (Colocasia
esculenta) leaf and (C) an elephant ear (Alocasia macrorrhiza) leaf. Surface roughness of
the plant leaf is further enhanced by the cuticular folds surrounding the papillae. (D)
Rod-shaped structures on epidermal plant cells. Adapted from W. Barthlott, M. Mail, B.
Bhushan et al., Plant Surfaces: Structures and functions for biomimetic innovations, Nano-
Micro Lett. 9 (23) (2017). https://doi.org/10.1007/s40820-016-0125-1 CC 4.0 public domain.
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contribute to lowering the adhesion of the contaminant to the surface.
These combined effects from nano-/microtexture and chemistry work
together in tandem to produce the superhydrophobic and self-cleaning ac-
tion observed in plants and insects.

The antiadhesive response found in nature caused by a combination of
surface roughness and chemistry can be further explained by the Cassiee
Baxter and Wenzel theories [31]. Wenzel, who based hydrophobicity off
surface chemistry, originally developed the models; however, the model
was further expanded by Cassie and Baxter to take surface roughness into
consideration. Even after the wetting modes were further expanded, in
some instances, it was difficult to reproduce the model, possibly because
the aforementioned models assumed droplets of an infinite size. One study
suggested that these conventional wetting theories should only be assumed if
the droplet is about 40 times larger than the size scale of the roughened sur-
face [35]. This is illustrated in Fig. 14.5.

Regardless of the self-cleaning mechanism displayed by plants or insects,
findings consistently show that for self-cleaning to take place, the adhesion
force between the water and dust particles must be greater than the adhesion
force between the dust particles and surface. Many commercial products
have evolved from the desire to reduce the adhesion of unwanted particu-
lates to surfaces. A commercially available paint product was created with the
lotus leaf in mind when there was a need to create a paint that would allow
debris to be rolled away with water or rain [36]. For a coating application,
the chemistry can be altered in such a way that the coating could form a
microtexture similar to that of plants as it dries on the substrate [36]. The
coating application illustrates the possibility of developing products at a large
scale that mimic bio-inspired surface functionality.

14.2.4 Research on bio-inspired icephobic coatings and
materials

Ice accretion on the airframe affects performance by reducing lift and
increasing weight and drag, thus leading to more thrust that will be required
to overcome higher drag forces. Ice accretion on the airfoils also affects aero-
dynamic efficiency by introducing mechanical vibrations, which makes it
more difficult to control the aircraft [37]. Ice crystals leading to ingestion
in the engine core can result in power loss.

Aircraft icing occurs because of the liquid water content in clouds and/or
precipitation. The type of ice that forms will depend on a number of factors
including temperature, droplet size, and air velocity [37,38]. The shape of
the airfoil also has an effect on ice accretion and the lift coefficient; therefore,
it is essential to have an understanding of the various types of ice, the
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Figure 14.5 Wetting modes for (A) Wenzel on hydrophilic surface; (B) Wenzel on hydro-
phobic surface; (C) CassieeBaxter transition; (D) Penetrate mode; (E) CassieeBaxter,
Wenzel, and penetrate wetting theories. G represents the ratio of groove width to initial
droplet radius, W is width of the step, r is roughness factor, and f is step fraction.
Reproduced from: D. Kim, N. Pugno, S. Ryu, Wetting theory for small droplets on
textured solid surfaces, Sci. Rep. 6 (2016) 37813; Published by Springer Nature under the
terms of the Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/.
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conditions under which the ice forms, and the corresponding ice adhesion
forces that exist to develop the most effective antiicing/deicing mitigation
strategy [37].

Rime ice freezes immediately upon impact, while glaze ice takes longer
to freeze after impact [39]. Glaze is considered to be the most severe type of
icing, even in small amounts, because it runs along the surface prior to
freezing and covers more surface area [37]. It is also more difficult to detect
due to its transparency, as well as being harder to remove than rime ice.
Mixed ice is a combination of both glaze and rime ice types. Fig. 14.6 shows
an example of ice accretion on a wing model formed in NASA’s Icing
Research Tunnel.

A number of methods, products, and devices have been investigated to
minimize ice adhesion or remove the ice after it has adhered onto the
aircraft. Current ice mitigation methods may consist of either spraying pro-
pylene or ethylene glycol to remove ice that has formed while the plane is
grounded, or activating pneumatic or heating capabilities for inflight ice
removal. Spraying antifreeze on the airframe poses environmental concerns,
and additional power and weight is associated with using pneumatic and
thermal deicing methods, so it is worth pursuing biomimetic approaches
to create efficient and lightweight anti/deicing solutions for airplanes.

Figure 14.6 Ice accretion on wing in the NASA Icing Research Tunnel at the NASA
Glenn Research Center. Courtesy: NASA.
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A significant body of work on superhydrophobic surfaces has been pub-
lished over the past few decades, and it is often assumed that creating super-
hydrophobic surfaces on an airframe structure would also be effective with
preventing ice accretion; however, this is not the case for all ice types. The
Cassie to Wenzel transition discussed earlier in this chapter is more likely to
occur after water droplets impact the airframe at high speed, which would
not be applicable for mixed and glaze ice [38,40]. This is because glaze ice
formation is considered to be more complex and unpredictable, so it cannot
be assumed that simply creating a superhydrophobic coating would be an
effective means to control the formation of this type of ice under all condi-
tions. On the other hand, superhydrophobic coatings may be more suitable
for some antifrosting applications [38].

Creating an icephobic surface is said to be a more appropriate strategy to
mitigate aircraft icing, as it does not function the same as a superhydrophobic
material, which only takes dewetting into account [41]. Icephobicity is more
closely attuned with ice adhesion and its shedding ability. It is believed that
while there is sufficient evidence to support that a superhydrophobic surface
can prevent ice that forms from condensation, strong ice adhesion can still
exist on a superhydrophobic surface if the number of voids or size of the
microcracks at the solideice interface is not sufficient to facilitate ice detach-
ment [41].

Introducing surface micro/nanotextures to alter the surface energy of the
airframe of the leading edge of wings in aircraft may be an effective approach,
but the results have been conflicting. In some cases, changing the surface
morphology of a coating for antiicing applications reduced the amount of
ice from forming on the surface. On the contrary, it has also been observed
that once ice formed on a textured hydrophobic surface in humid environ-
ments, ice adhesion was higher compared to ice adhesion on a smooth sur-
face. However, the level of ice adhesion could change if the surface is altered
from multiple icing/deicing cycles, as shown in Fig. 14.7 [42].

Protein mimics continue to gain attention in biology and medical com-
munities, but it is rarely discussed in materials development. Many types of
insects, fish, plants, and other organisms thrive in Arctic climates because of
their inherent ability to prevent freezing. This behavior is caused by the abil-
ity of some species to produce antifreeze and antifreeze (glyco) proteins [43]
or protein ice nucleators, which ultimately functions by either slowing ice
formation or suppressing the freezing point. Terrestrial arthropods, such as
the Dendroides canadensis beetle, can lower its supercooling levels to as low
as �26�C during the winter [44]. Synthesizing polymers with similar
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structural and chemical functionalities as those found in antifreeze (glyco)
proteins can potentially become a plausible, scalable antiicing or deicing
approach to mitigate aircraft icing. Advances in polymer synthesis, such as
living radical polymerization, support tailoring the molecular structure in
such a way that will lead to a reduction in ice buildup [45]. It should be
noted that icing accretion and potential materials solutions that are devel-
oped under static conditions usually do not correlate well with ice accretion
observed in flight [40]; therefore, testing promising antiicing/deicing tech-
nologies must be carried out in a facility that can imitate realistic flight
conditions.

Figure 14.7 Effect of icing/deicing cycles on shear stress of ice detachment. (A) Sample
A represents a ZnOefluoropolymer coating on an aluminum substrate and (B) Sample B
contains a perfluorosilane coating. Reproduced with permission from S. Farhadi, M.
Farzaneh, S.A. Kulinich, Anti-icing performance of superhydrophobic surfaces, Appl. Surf.
Sci. 257 (2011) 6264e6269, copyright Elsevier 2011.
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14.2.5 Nature-inspired design for abrasion resistance
A method to enhance erosion resistance in metallic structures, such as gas
turbine engines and airfoils, may be enabled through ceramic-based thermal
barrier coatings. The mechanism for material erosion can be complex, as a
number of factors and processes, such as particle size, impact velocity, impact
angle, and particle impact frequency, cause erosion. Bio-inspired examples
of erosion resistance can be found by observing various species living in
desert climates. The Sahara and Arabian deserts are known for their dust
storms, with wind velocities often approaching 30 miles per hour. Impres-
sively, invertebrates with segmented exoskeletons and scales, such as desert
scorpions, snakes, and lizards, are able to withstand impact from the desert’s
abrasive particles that, under ordinary conditions, would be erodent to
human-made machines.

The sandfish (Scincus scincus) has been investigated for its abrasion resis-
tance because of its ability to move swimmingly on sand. It is believed
that it exhibits this behavior by a combination of low friction properties
and surface chemistry. The sandfish has a surface chemistry made of glyco-
sylated keratins, which lacks significant Van der Waals and other attractive
forces between the epidermis and sand to adhere to the outer layer and cause
abrasive damage [46,47]. Fig. 14.8A shows the effect of adding a glycosylated
coating on a substrate compared with the same substrate not containing the
coating. Fig. 14.8A clearly shows the lack of particles adhering to the side
having the glycosylated coating applied to the substrate. Fig. 14.8B further
reveals that specimens with the glycosylated coating show significantly lower
friction angle and friction coefficient than the uncoated specimens.

The desert scorpion (Leiurus quinquestriatus, Androctonus australis) has also
been investigated for its abrasion resistance, and it has been observed that the
dorsal surface of the mesosoma is mostly subjected to sand erosion [48,49].
Surface morphology, material characteristics, and elastomeric behavior in
invertebrate skin were all believed to play a role in the erosion resistance
of the desert scorpion. Specifically, grooved microtextures have been
known to lead to a lower erosion rate compared with smooth specimens
of scorpion, as shown in Fig. 14.9. The mesosoma segment resembles some-
thing similar to that of a coating and is made of a composite structure that is
comprised of a rigid chitinous cuticle and a soft articular membrane [48]. It is
believed that these alternating hard and soft phases in the composite are
responsible for reducing mechanical damage and dissipating energy from
particulate impact.
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14.3 Bio-inspired structural polymers and composites

Polymer matrix composites continue to replace metals in various aero-
space and aircraft structures because of their tailorability and high strength-
to-weight ratios. Mitigating structural failure in composites caused by resin
microcracking is one area where self-healing polymers will play an impor-
tant role in reducing maintenance times and repair costs. NASA has inves-
tigated and used deployable structures for decades. While many of the
previous designs have performed well for a specific, yet temporary, mission,
more sustainable and long-term use materials will be required for establish-
ing a permanent presence on the Moon and eventually Mars.

Figure 14.8 (A) Effect of glycosylated coating on polymer surface. Left side of specimen
contains glycosylated coating. Right side of specimen contains no coating. (B) Friction
coefficient was determined to be lower in sample with the glycosylated coating at a
higher friction angle compared with no coating. Reproduced from B. Vihar, F.G.
Hanisch, W. Baumgartner, Neutral glycans from sandfish skin can reduce friction of
polymers, J. Royal Soc. Interf. 13 20160103 (https://doi.org/10.1098/rsif.2016.0103) Pub-
lished by the Royal Society under the terms of the Creative Commons Attribution License
http://creativecommons.org/licenses/by/4.0/.
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Figure 14.9 Analysis of the desert scorpion. (A) Surface morphology of the scales of the
Laudakia stoliczkana. (B) Image of the desert scorpion. (C) Simulation showing the effect
of surface morphology on the erosion rate of desert scorpions. (A and B) Reproduced
with permission from Z. Han, et al., Anti-erosion function in animals and its biomimetic
application, J. Bio. Eng. 7 (Suppl. 1) (2010) S50-S58, copyright 2010 Elsevier. (C) Reproduced
with permission from Z. Han, et al., Erosion of bionic functional surfaces inspired from
desert scorpions, Langmuir 28 (5) (2012) 2914e2921, copyright American Chemical Society
2012.
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14.3.1 Self-healable materials
Human skin, muscles, tendons, plants, lizards, and worms are just a few of
many examples from living creatures that possess the remarkable ability to
heal itself after being wounded or damaged. Some species, such as algae,
the planaria worm, zebrafish [50], and starfish [51], possess the ability to
either regrow or completely regenerate their own stems, body parts, heart,
or limbs, respectively, after tear or amputation. Although vertebrates and in-
vertebrates, plants, and fungi all demonstrate some type of inherent healing
capability, mimicking this type of behavior in human-made materials is
extremely complex because regeneration in nature is often the result of
cellular and genetic responses that lead to dedifferentiation and stem cell
proliferation [52].

Self-healing is perhaps one of the most widely investigated biomimetic
functions studied by materials researchers in pursuit of developing materials
for long-term use. Ideally, the self-healing response for an aerospace material
would be autonomous, similar to that observed in biological systems. As
soon as damage or a crack is detected, the material would instantaneously
begin to undergo self-repair, either without or with very little human inter-
vention. Fig. 14.10 shows an example of this behavior.

Microcracks caused by low-impact events are common in aviation, but
are difficult to detect in fiber-reinforced polymer composites. These micro-
cracks eventually spread throughout the structure and can considerably limit
the performance and service life. After several decades, only few mechanisms
for self-healing have been reported that offer potential for synthetic materials
to fully regain properties after damage. This section summarizes the most
common approaches to processing self-healable synthetic materials and in-
cludes several aerospace applications that could benefit from autonomous
self-healing.

14.3.2 Processes to develop self-healing materials
Mechanisms by which polymers can self-heal are divided into either
extrinsic or intrinsic healing approaches. One of the first extrinsic self-
repair methods was reported by Dry in the 1990s [53]. The concept was
introduced as a crack-filling repair approach in cement prior to the method
being investigated in polymers.

The original self-repairing method reported by Dry entailed embedding
cement with hollow glass fibers filled with a crack repair material that could
release and fill the cracked cement when fractured [53]. Others later focused
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on fabricating self-repairable composite panels and investigating the effect of
different repair tube materials on the self-healing response (e.g., filled glass
micropipets vs. aluminum, and copper tubes) [54]. Over the years, this repair
tube technique evolved to resemble vascular networks [55]. The concept of
the vascular network incorporates an additional level of bioinspiration, such
that the networks function similar to vessels in the body and “bleed” repair
agents into the damaged site whenever a crack formed. Fig. 14.11 shows
optical micrographs of hollow glass fibers with a 50% hollowness and hollow
glass fibers embedded in a carbon fiberereinforced epoxy matrix.

Methods to fabricate self-repairing composites through the creation of
vascular networks continue to improve; however, a drawback to this
approach is that it would be impractical if used for aircraft or spacecraft
structures, due to the challenge of embedding these channels within a large
composite structure in a scalable manner while preventing damage to the
part. An alternative to the vascular network approach involved developing
self-healable polymers containing microbeads filled with repair agents
[56]. White et al. described a method to synthesize microcapsules made
from polyurea prior to filling the capsules with either a reactive monomer
or hardener. The microcapsules were introduced and dispersed throughout
an epoxy matrix to cure. A schematic of a self-healable polymer processed
through the microcapsule approached is shown in Fig. 14.12. Self-healing

Figure 14.10 Composite damage and the ideal cycle to achieving autonomous dam-
age recovery in structural composites. Courtesy: T. Williams/NASA (public domain as a
work product of a U.S. Government employee).
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Figure 14.11 Vascular network approach with hollow glass fibers. (A) Fibers arew50%
hollow. An opaque dye was used for tracking. (B) Hollow glass fibers incorporated into a
polymer matrix composite. Reproduced with permission from Pang, Bond, A hollow fiber
reinforced polymer composite encompassing self-healing and enhanced damage visibility,
Comp. Sci. Technol. 65 (2005) 1791e1799, copyright 2005 Elsevier.

Figure 14.12 Extrinsic self-healing mechanism through the embedded microcapsule
approach. (A) Polymer matrix embedded with microcapsules consisting of either a heal-
ing agent or catalyst. (B) Loadedisplacement curve showing the effectiveness of the
microcapsule approach for self-healing epoxy. Healed epoxy resins achieved 75% re-
covery in mechanical properties compared relative to virgin polymers. (C) Cross section
of cured epoxy resin showing cavities from the microcapsules. Reproduced with
permission from S.R. White et al., Autonomic healing of polymer composites, Nature 409
(2001) 794e797, copyright Springer Nature 2001.
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behavior was analyzed by introducing a crack through the composite, which
prompted the flow of the healing elements to fill the crack and cure. The
mechanical properties of the self-healing epoxy were characterized using
tapered dual-cantilever beam tests, and results revealed that recovered epoxy
recouped up to 75% of its mechanical strength (Fig. 14.12B). The work pro-
duced numerous advancements in self-healing polymers research, but there
were still some drawbacks to the microcapsule approach.

One drawback to injecting microcapsules into a resin matrix for self-
repair was that the empty microcapsules left cavities in the resin after the
repair agent was dispensed, which could prevent the polymer from
achieving full recovery strength if used in structural applications.
Fig. 14.12C shows an SEM micrograph of the cross section of the epoxy
with empty microcapsules. As shown in the micrograph, the empty cavities
could resemble voids or defects, which are undesirable for load-bearing
composite structures. The other drawback is that healing would only be a
one-time event, making it more likely for a crack to appear in the same loca-
tion again without the ability for the crack to be repaired. Although the
microcapsule approach may be more practical in terms of fabrication
compared to embedding vascular networks, self-repair through the vascular
network concept does provide a way for healing to take place multiple cy-
cles if damage were to occur in the same location. The vascular network
approach is capable of allowing repeat recovery following damage until
the repair agents are completely depleted from the networks.

The final type of self-healing mechanism involves an intrinsic healing
mechanism through the establishment of reversible bonds, which is the old-
est type of “self-repair” method. Chemical reactions through siloxane equi-
librium [57], Diels-Alder [58], or other covalent reactions [59] have all been
reported to produce reversible bonds that break under some type of stress
and reform upon exposure to the appropriate conditions. This methodology
may be preferable due to the potential of the polymer achieving recovery
following damage for an infinite number of cycles without experiencing sig-
nificant material property deterioration. Eliminating processing challenges
associated with introducing additional components required to initiate
self-repair, such as either microcapsules, filler repair materials, or filled hol-
low networks, is another added benefit to the intrinsic healing approach.
Moreover, inherent reversible bonds may also make it more feasible to
use in applications requiring a thin film or flexible material without concern
over the size and hardness of the microcapsule or vascular network tube.
Exceptionally high recovery strengths have been reported in some materials
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that were synthesized with reversible bonds [57], up to 97% mechanical
strength recovery in some cases [60]. Fig. 14.13 illustrates the self-healing
behavior of a siloxane polymer with reversible bonds and the strikingly
similar mechanical response after healing.

The reversible bonding approach has often been reported in polymers
containing low thermal stability, so synthesis methods would have to be
developed that could yield polymers with high glass transition temperatures
(Tg) (>180�C) to be comparable with most aerospace-grade polymers. In
one study, a polyimide derived from hyperbranched polysiloxane (HBPSi)
monomers was synthesized and a Tg of 370�C was reported, making it
comparable with commercially available polyimides. The HBPSi-
polyimide was reported to demonstrate self-healing behavior [61], although
the HBPSi polymer’s “self-healing” characteristics were defined according
to a different mechanism besides the previously mentioned extrinsic or
intrinsic healing approaches. The synthesized HBPSi polyimide had a high
silicon and oxygen content, which allowed it to form a protective layer
when exposed to certain types of irradiation environments. The polymer

Figure 14.13 (A) Original specimen. (B) Healed specimen. (C) Load versus extension
data for the original and (D) Cracked and healed polysiloxane samples. Reproduced
with permission from P. Zheng, T.J. McCarthy, A surprise from 1954: Siloxane equilibration
is a simple, robust, and obvious polymer self-healing mechanism, J. Am. Chem. Soc. 134 (4)
(2012) 2024e2027, copyright American Chemical Society 2012.
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was only considered to be self-healing after undergoing SiO2 passivation,
which is similar to glassification formation that occurs in polyhedral olig-
omer silsesquioxane (POSS) materials, which prevents the remainder of
the material from undergoing mass loss or erosion. Fig. 14.14 shows the pris-
tine and 29.7 wt% HBPSi polyimide before and after exposure to ground-
based atomic oxygen environments at increasing irradiation doses.

Fig. 14.14AeF includes atomic force microscopy (AFM) images of the
pristine polyimide films with increasing atomic oxygen dosage from 0 to
3.87 � 1020 O atoms$cm�2, and Fig. 14.14FeJ shows the 29.7 wt% HBPSi
polyimide specimen at increasing atomic oxygen doses from 0 to
3.87 � 1020 O atoms$cm�2. The AFM images of the pristine polyimide
show that the surface roughness increased with longer atomic oxygen
exposure. After 29.7 wt% of HBPSi content was introduced, the surface
roughness still increased with increasing atomic oxygen exposure, but the
surface roughness due to mass loss was not as severe. The passivation layer
forming after exposure to certain types of radiation sources can make this
polymer function similar to a stimuli-responsive polymer that could be
used in the harsh, low Earth orbit atomic oxygen environment or other
space environments.

Polyimides are also used as the primary electrical insulation component
in aircraft and spacecraft power systems. The dielectric properties of

Figure 14.14 Three-dimensional AFM images of pristine polyimide specimens (AeE)
and 29.7 wt% HBPSi polyimide specimens (FeJ) before exposure and at increasing
AO fluences of 0.88 � 1020 O, 1.76 � 1020, 2.64 � 1020, and 3.87 � 1020 O
atoms$cm�2. AFM, atomic force microscopy; AO, atomic oxygen; HBPSi, hyperbranched
polysiloxane. Reproduced with permission from Lei et al., Space survivable polyimides with
excellent optical transparency and self-healing properties derived from hyperbranched
polysiloxane, ACS Appl. Mat. Interf. 5 (20) (2013) 10207e10220, copyright American
Chemical Society 2013.
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electrical insulation in aircraft typically degrade by corona and partial dis-
charging at altitudes, which produce excessive localized Joule heating in
the insulation, ultimately leading to dielectric failure through thermal break-
down. Electrical treeing can also occur in the insulator and is known to be a
precursor to catastrophic insulation failure [62]. Treeing events usually begin
in areas where high localized electrical fields are present. Similar to mechan-
ical damage in PMCs, treeing and other cracks often propagate throughout
until dielectric failure occurs, similar to that shown in the polyimide in
Fig. 14.15.

Replacing damaged electrical insulation is not a simple task. Additional
damage to the new insulation may even arise in the form of abrasions or
cuts from maintenance or handling, which makes a self-repairable insulator
ideal for this application. Unfortunately, there are limited reports where a
polyimide demonstrated self-repairable characteristics through intrinsic heal-
ing. It is possible to synthesize the polyimideesiloxane described in
Fig. 14.14, which would allow the polymer to maintain a high glass transi-
tion temperature (Tg) while still demonstrating self-healing behavior, but
this type of material has not been widely investigated for its dielectric
properties.

Self-healable insulation may be an attractive and viable option to miti-
gate permanent mechanical degradation, thus increasing the longevity of
the insulator. Only a few studies have examined the feasibility of using a
self-healable electrical insulation, in which self-repair was attained through

Figure 14.15 Cracking in polyimide film caused by electrical damage. Courtesy:
T. Williams/NASA (public domain as a work product of a U.S. Government employee).
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the microcapsule approach [62,63]. Electrical insulation with microcapsules
is believed to have the ability to initiate self-repair when high electric field
intensities surrounding the microcapsule can cause the capsules to rupture
and dispense the healing agents. Although healing is only a one-time event
in these materials, the presence of microcapsules in the insulator had an
added advantage of being able to halt propagation of the cracks whenever
branching from electrical treeing came into contact with a capsule, as re-
ported in Ref. [62]. It is unclear how microcapsules in an electrical insulator
would affect dielectric performance, since oftentimes, dielectric perfor-
mance is adversely affected when dissimilar materials are introduced and/
or more interfaces are present in the insulator.

Instead of relying on catalyst and monomer-filled microcapsules to crack,
flow, and cure at the damaged sites as described in early mechanisms, self-
healing through establishment of reversible, ionic cross-links can allow for
multiple healing events to occur and for full recovery strength to be achieved
in certain thermal environments. A commercially available, ionically
cross-linked ethylene copolymer, with known self-healing ability [64],
was studied to examine how the dielectric strength of an ionically cross-
linked polymer would be affected by damage and recovery.

Fig. 14.16 shows the ionically cross-linked film that was processed by hot
pressing and then subsequently subjected to dielectric breakdown testing
after forming an incision in the material. As shown in Fig. 14.16A, dielectric
failure damage in the form of a puncture, was visible at the site of the inci-
sion. Fig. 14.16B shows the film with an incision only, and Fig. 14.16C
shows the same film from Fig. 14.16B that was fully mended after heating.
Fig. 14.16D shows puncture damage from the previously mended ionomer
film. There was no discernible difference in the extent of dielectric failure
damage between undamaged and mended films.

Similar to the example of the ionically cross-linked polymer, traditional
thermoplastics can also melt and be reshaped when heated. However, one
characteristic that makes ionically cross-linked polymers different from other
thermoplastics is that heat treatment or thermal conditioning for an
extended period of time following the disappearance of visible damage al-
lows more time for the ionic networks to reestablish. It is through these ionic
networks where the mechanical integrity is formed and the polymer’s
properties can be recovered, unlike thermoplastics, which would have a per-
manent weak spot after remelting and reforming following damage.

An example of this behavior is found in Fig. 14.17. Fig. 14.17A shows
the tensile properties of ionically cross-linked films as a function of thermal
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Figure 14.16 (A) Puncture damage in ionomeric polymer that has incision. Area of
dielectric failure takes place at the location where defects are present. (B) Incision
made in the ionomeric polymer. (C) Ionomeric polymer that was mended after incision.
(D) Dielectric failure in mended ionomeric polymer. Courtesy: T. Williams/NASA (public
domain as a work product of a U.S. Government employee).

Figure 14.17 (A) Stressestrain data of sodium ionomer polymer films with no damage
and damaged films that were mended only, mended with an isothermal dwell for 1 h,
and mended with an isothermal dwell for 24 h. (B) Breakdown voltage of as-received
ionically cross-linked polymer, ionically cross-linked film with an incision, and a mended
ionically cross-linked film. Sample was exposed to isothermal dwell temperature at
70�C for 1 h. Samples were tested in oil. Film thickness ¼ w0.11 mm. Courtesy: T.
Williams/NASA (public domain as a work product of a U.S. Government employee).
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conditioning time using dynamic mechanical analysis (DMA). The stresse
strain curves show that the tensile stress of the film that was heated just
long enough to mend the cut was about 40% lower than the as-processed
film. On the other hand, when the damaged film was mended by heating
and then subjected to further heat treatment at 70�C for an additional
1 h, it regained its mechanical strength, even exceeding that of the
as-processed ionomer.

Fig. 14.17B shows dielectric breakdown voltages of an undamaged iono-
meric polymer, which failed at w16.8 kV. When the film had a cut, the
dielectric breakdown voltage was significantly reduced by at least w40%.
On the other hand, when the material was damaged by cutting, mended,
and exposed to additional heat treatment at 70�C for 1 h, the dielectric
breakdown voltage was an average of w15.7 kV, which was approximately
93% of the breakdown voltage as that of an undamaged specimen. This
trend emphasizes the importance of not just heating to make cracks or
cuts disappear, but heating long enough to allow polymers containing
reversible bonds the extra time to rearrange into three-dimensional net-
works so that mechanical integrity can be recouped.

Like most intrinsically healable polymers, this particular polymer does
not have a high Tg, so it cannot serve as an electrical insulator for high
voltage applications. It is also unclear how stable the ions of an ionomeric
polymer would behave in an electric field. It is worth continuing additional
studies to identify high-temperature polymers with reversible bonds,
because this type of material would be attractive as an electrical insulator
for many power applications.

14.3.3 Lightweight, self-replicating aerospace materials and
structures

Designing habitable structures for astronauts living on the Moon and Mars
will involve a number of challenges that differ significantly from those faced
when building structures on Earth. The type of machinery that will be
launched to perform excavation and construction tasks will require special-
ized equipment that is able to deliver enough power required to excavate,
lift, carry, and dump tons of icy regolith. In addition, habitat shells, including
pressurized crew rovers, will have to be designed and constructed to survive
long-term operation in extreme environments.

In-space additive manufacturing offers autonomy but still has challenges
that have to be overcome before consistent, defect-free parts can be pro-
duced. As opposed to building habitats on Earth for each mission and
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then launching into space, printing habitats and other structures may be one
of the more realistic, near-term solutions for in-space construction and
manufacturing. Designing efficient processes to construct structures and
parts onsite may rely on a combination of various adaptations found in na-
ture. Turtles, crabs, conch, and snails are examples of animals with portable
habitats [65]. Biomimetic inspiration for a portable habitat revolves around a
concept where building materials can be prepackaged and later grown in
space as a living structure. Researchers from the NASA, Redhouse Studio,
and academic institutions, including Stanford, Brown, and the University of
New Castle collaborated to investigate the feasibility of building self-
replicating materials that could be fabricated using low energy processes to
create lightweight habitat shells and furniture from mycelium-based com-
posites [65].

Mycelium composites have gained attraction as a building material for
acoustic and thermal insulation [66,67]. Mycelium decomposes plant matter
and then colonizes on substrates such as natural fibers or food waste [67e69].
The composite is formed by mycelium functioning as both a filament and a
binder, and growth is dependent on the presence of water and optimal ox-
ygen, temperature, and light exposure. They can be fabricated as either
foams, laminates, or sandwich structures [69], and some composites have
mechanical properties that are competitive with certain types of lumber.
Mycelium would be an interesting material to investigate as a space material
since it is low outgassing, is resistant to some types of radiation, and has the
potential to be flame retardant [70,71].

Fig. 14.18 illustrates the concept of a mycelium composite structure
grown in space. The starting materials are placed in a sealed bag that contains
dormant mycelium and dehydrated algae. After H2O and CO2 are delivered
to the bag, the algae in the bag are activated, and O2 is produced during the
reaction. The mycelium grows from the algal products and eventually forms
the composite. Colonization can be halted by heat and after depleting the
water source [68].

To identify the optimal conditions for colonization, the growth rate of
mycelium was investigated as a function of temperature and bacteria source.
Fig. 14.19A shows that temperatures betweenw20 and 30�C were optimal
for growth. Little to no colonization took place outside of that temperature
range for at least 10e12 days after the reaction was initiated, which illustrates
the sensitivity of temperature on the growth rate. Fig. 14.19A represents
colonization using dikaryon variant as the feedstock, which peaked at
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Figure 14.18 Stages for growing mycelium composite structures in space. The concept
uses algae as the mycelium feedstock. Courtesy: Redhouse Studio and NASA.

Figure 14.19 Growth of (A) G. lucidum (dikaryon) and (B) G. lucidum (monokaryon) at
different temperatures. (C) Mycelium grown on the Martian simulant substrate. (D)
Mycelium bricks from yard waste [65]. Courtesy: NASA (public domain as a work prod-
uct of a U.S. Government employee).
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9 days at 30�C prior to declining. For monokaryon, shown in Fig. 14.19B,
colonization also peaked near 9 days at 30�C, but colonization eventually
plateaued for at least several more days. The colony area grew at a rate of
w7.7 cm2/day for the dikaryon variant at 30�C, while the mycelium
with the monokaryon variant only grew at a rate of w5.6 cm2/day at the
same temperature [65]. Fig. 14.19C and D show mycelium grown on
Martian simulant and a pile of bricks made from mycelium and yard waste,
respectively. The images show that it is possible to grow these structures on
Martian and lunar substrates and that brick production is scalable and can be
grown without using significant amounts of energy.

The mechanical properties of mycelium composites are believed to be
tailorable by modifying their exposure conditions and either hot or cold
pressing the composites. While the mechanical properties of the mycelium
composites do not match that of high strength aerospace-grade synthetic
composites, it still is possible to grow the composites for applications other
than a habitat shell. Furnishings or thermal insulation can be grown while
living in the habitat. It is also believed to be possible to add on to a preexist-
ing mycelium composite structure or repair a damaged mycelium composite
part by simply introducing more water. It should be noted though that there
are no known reports about the joint strength of mycelium composite ad-
ditions, so this type of study would have to be investigated.

Although the properties of mycelium foams are comparable with foam
made of synthetic materials, more work will be required to improve the me-
chanical properties of mycelium composites to make it competitive with
common nonfoam PMCs for structural building materials. It is well known
that the mechanical strength of composites is heavily dependent upon the
mechanical properties of the reinforcing material. In this case, a balance
between the choice of the proper feedstock and possibly the introduction
of chopped synthetic fibers to the mycelium may produce sufficient coloni-
zation and cementation to produce a hybrid biocomposite with higher
mechanical properties.

14.4 Advanced materials processing technologies

Advances in material processing technologies will no doubt play one
of the most important roles in biomimetic materials becoming a reality.
Many of nature’s physical features that enable their unique properties are
difficult to construct in human-made materials, especially on a large scale.
It is clear that many conventional polymer processing techniques, such as

414 Tiffany S. Williams



compression molding, hot pressing, and oven and autoclave curing do not
offer the ability to create composites with the complex architectures and
nanoscale surface functionality as those found in biological systems. Extru-
sion could be one of the few established processing methods that is capable
of producing extrudate parts with micro- and nanoscale surface textures at a
large scale, but the ability for this to occur will depend on the technique that
is implemented to form and retain the intricate feature sizes that are created
on a custom die.

A number of other processing techniques have the ability to form com-
plex architectures and unique features on the surfaces of polymers or metals,
which include laser ablation patterning and photolithography [29]. Self-
assembly of polymers will continue to play an important role in the ability
to synthesize polymers that mimic biopolymerization and composite forma-
tion in nature. Layer-by-layer assembly has been investigated as a technique
to achieve hierarchical organization in composites, to develop clay platelets
and polyelectrolytes that mimic the brick-and-mortar organization in nacre
[72], as well as producing the columnar organization in tooth enamel [73].
The same process was also effective with creating transparent conductive
coatings from single-wall nanotubes [74]. Bioutilization is also a promising
technology that can produce biocomposites at a large scale.

Nanoimprinting lithography (NIL) is a nanofabrication technique that
has shown potential to produce nanoscale structures on polymers, such as
acrylics, siloxanes, and other thermoplastics so the technique may be used
for creating functional surfaces on synthetic materials [16,75]. Focused ion
beam irradiation can make it possible to etch tiny pillars onto the surfaces
of almost any type of material. Picosecond laser irradiation has been inves-
tigated as a technique to create nanostructures on stainless steel [76]. While
it is possible that the lithography and irradiation techniques can produce sur-
face features with great accuracy and precision, scalability will have to be
drastically improved with these methods. Regardless of the method imple-
mented to form nanoscale surface architectures, it will be challenging to
maintain reliable performance from materials with modified surfaces because
the surface architectures and/or wettability properties could change
overtime through exposure to either constant mechanical forces, wear, or
chemicals. For this reason, it will also be important to enhance durability
of these functional surfaces.

Additive manufacturing is another processing technique which offers po-
tential to imitate complex structures found in biological structures. These
advanced additive manufactured structures and materials make it possible
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to uniquely integrate properties from multiple materials compared to tradi-
tional manufacturing processes. Early 3D printing techniques produced
composites with high porosity and voids, but advancements in 3D printing
have evolved to include printing hairlike microstructures from photopoly-
mers with minimal porosity [77], which could serve as an alternative
approach to creating functional surfaces. Cost will have to be considered
with the processing approach, as this could be a barrier that would be diffi-
cult to overcome if material fabrication and production costs are
unreasonable.

14.5 Conclusions

Biomimicry can be a powerful tool for seeking practical solutions to
engineering design problems. Although the diverse range of applications
essential for advanced aeronautics and space require materials that can sur-
vive in various types of extreme environments, applying models from nature
during the materials design phase can yield structures with enhanced perfor-
mance and additional functionality. It is impossible to investigate the
millions of models that nature has to offer; however, there are common
mechanisms that living systems use to demonstrate their impressive perfor-
mance. For example, nature often combines an elastomeric polymer binder
with rigid fibrous reinforcement in a certain manner to achieve optimal load
transfer. Nano- and microscale surface features are often found in species
that resist biofouling, erosion, and other surface contaminants. Self-
assembly is often found to be responsible for the building of complex
polymers and composite structures. Self-healing materials, acoustic liners,
radioprotective, and antiicing are just a few aerospace applications where
scientists and engineers have looked to nature as a model to enhance perfor-
mance; however, there are many more aerospace applications and biological
examples that have yet to be explored.

There could also be potential solutions for aerospace materials from or-
ganisms that are either underreported or are not as well known, due to these
organisms living in harsh climates on Earth. Even if there are ideal material
models in nature to mimic, the implementation of biomimicry can only be
realized if there are appropriate fabrication and synthesis techniques that
employ the bottom-up synthesis approach or can produce nanoscale and
microscale textures in a scalable manner. To conclude, scientific tools,
instrumentation, and material processing techniques continue to evolve;
therefore, implementing advanced bio-inspired technologies to design
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more damage tolerant structures and efficient systems may become more
likely and could be instrumental in building and sustaining a vibrant aero-
space economy.
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15.1 Introduction

Geckos have served as an inspiration and source of wonder for their
incredible climbing abilities for thousands of years. The modern explosion
of interest in the materials began 20 years ago when individual gecko foot
hair fibers (Fig. 15.1) were directly measured on the microscale [1] and later
determined to rely primarily on the use of Van der Waals forces [2]. An
elegant combination of geometry and physics permits Van der Waals forces
to substantially affect macroscopic animal locomotion. To this day, the
natural nanotechnology of these foot hairs makes geckos the largest animals
known to climb surfaces using this remarkable adhesive technique. It has
been a long journey from the natural inspiration of the animal studies to
viable manufacturing methods that can produce similar artificial versions.
However, today different companies offer products that mimic the mecha-
nisms, if not the direct structures, of gecko-inspired adhesion [3].

From the beginning, roboticists, biologists, and material scientists have
collaborated on applications of gecko-inspired adhesives integrated with
climbing robots [4e15] or robot manipulation [16e18], as it is a natural first
type of application that may be apparent. Climbing robots may be in use in a
variety of inspection applications, for instance, including tall buildings and
large ships at sea where manned operations may raise substantial risks. A
more unique application apparent early on, however, was inspection robots
on a spacecraft. This high-value, high-risk application became a driving
force for innovation in several early research groups, as gecko-inspired adhe-
sives had features that made other adhesive/gripping technologies used in
terrestrial applications, such as suction cups, magnets, pressure-sensitive
adhesives (PSAs), and hooks/barbs less attractive or completely infeasible.
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15.1.1 Physical principles
To obtain robust adhesion, the geometry of the interface must form intimate
contact while also allowing for an easy-to-peel mechanism that permits
switching and control of the adhesive strength. As observed in nature, the
optimal solution for the design of these adhesive interfaces results in the
creation of a fibrillar structure as observed in the toepads of beetles, spiders,
and geckos [20,21]. The reversible dry adhesion of these fibrillar structures is
primarily caused by Van der Waals forces [2,21], and the capillary forces,
which have a much smaller effect [2]. Van der Waals adhesion is fundamen-
tally affected by the Hamaker constant A, which only varies by approxi-
mately an order of magnitude. The influence of the Hamaker constant is
very small compared with geometrical considerations of both the manufac-
tured fibers and the roughness of the surface it is contacting because the
distance over which Van der Waals forces can effectively act is less than
1 nm [22]. Van der Waals forces occur between all mating surfaces and
are relatively insensitive to surface chemistry. Unlike magnets, gecko-

Figure 15.1 Top left shows amacroscopic view of a Tokay gecko. Topmiddle shows the
foot pad and lamellae of the gecko. Top right shows an SEM image of arrays of setae from
the gecko foot. Bottom shows a single seta with the inset image highlighting the nano-
scale spatulae at the tips. Source: K. Autumn, How gecko toes stick, Am. Sci. 94 (2) (2006)
124e132. Creative Commons Attribution-ShareAlike 3.0 License. Credit: Kellar Autumn.
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inspired adhesives can work on any material, provided near molecular con-
tact is made between the fibers and the mating surface.

15.1.2 Geometry and contact mechanics
The geometry of gecko-inspired adhesives maximizes intimate contact of
surfaces and ideally will equally load share as much as possible (to avoid
propagating cracks at the interface). These high contact areas with uniform
stresses are the key engineering parameters for the materials to maximize
adhesion strength. Gecko-inspired adhesives typically consist of fibrillar
structures with common designs featuring two levels of hierarchy. The first
of these two levels consists of a compliant backing that the fibrils protrude
from. The backing layers allow for fibrillar adhesives to be less sensitive to
misalignment as the deformation in the backing layer can mitigate stresses
in the fibrils. Macroscopic models that describe these arrays model the fibril
and backing layer interactions as linear elastic with the backing layer being
treated as an infinite half space [23,24]. A compliant backing layer introduces
a circumferential load concentration during detachment, which decreases
the normalized pull off force or mean pull off stress of the fibrils. Fig. 15.2
provides a sketch of these adhesives and the typical detachment tests per-
formed to evaluate their adhesive strength.

The second level of hierarchy consists of slender microscopic fibrils made
from elastomers that can conform to surface roughness with a minimal strain
energy penalty [25]. Conforming to surface asperities allows for maximum
real contact area to form and a significant increase in the adhesive strength.
Fibril size and aspect ratio is a key to increase the adhesive strength. Small
radius fibrils have reduced stress concentration at their tips thanks to a cohe-
sive zone in the perimeter [26] and hence become less sensitive to interfacial
defects. This condition is called “flaw insensitivity” [27]. Small and soft fibrils
become the preferred choice by nature and thus in bio-inspired engineering
to achieve better load sharing. Yet there are limits for the fibril compliance
regarding its interfacial fracture resistance.

The concept of equal load sharing is satisfying the condition of simulta-
neous detachment where each fibril reaches the maximum theoretical
strength of adhesion. Stress distributions at the interface become increasingly
uniform as the terminal structures subdivide [27,28]. This is because the
stress distribution at the interface of a larger contact area is sensitive to
defects, variations in tip geometry, and surface roughness. Stress concentra-
tions that arise due to these variations inevitably propagate and lead to fail-
ure, therefore reducing the overall detachment force even when the contact
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is intimate. For preexisting cracks to not propagate, the structures must be
below a critical length scale allowing them to behave within the flaw insen-
sitive regime [28,29]. In this regime, the material fails due to a uniform
rupture at the theoretical strength.

15.1.3 Practical issues to address to enable utilization
Manufacturing capabilities for fibrils below this critical length scale are not
yet feasible, so research efforts have focused on geometry optimization
[23,27,30] and stiffness grading [31e33]. Gecko adhesives can also be rela-
tively durable in comparison with soft adhesives. Unlike PSAs that have an
adhesive layer with modulus of elasticity (E) less than 100 kPa typically [34]
and substantial viscoelastic behaviors, gecko adhesives may be made of stiffer
rubbers (Shore A 10e90) [3], harder polymers such as polypropylene (E
w1 GPa) [35], and even carbon nanotubes (CNTs) [36]. By far, the most
common and durable in the literature are manufactured from elastomers
such as silicone rubbers and polyurethane rubbers [3,37]. Some of these

Figure 15.2 Sketch of the detachment mechanisms commonly investigated for bio-
inspired fibrillar adhesives: (a) orthogonal adhesion in the presence of misalignment
with angle q; (b) detachment from a curved or hemispherical surface of radius R; (c)
shear detachment at various preloads (H); (d) peeling detachment with a force of incli-
nation q. Source: authors.
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materials have been successfully tested tens of thousands of times before sub-
stantial degradation and wear occur [38]. It should be clarified that both
gecko adhesives and PSAs ultimately adhere via Van der Waals forces, but
PSAs have viscoelastic dissipation in the material to enhance adhesion
strength and rely on soft materials rather than clever geometry during initial
application to make intimate contact with other surfaces. Gecko adhesive
structural strength is inherently higher but requires careful microstructuring
to achieve similar contact areas and stress dissipation.

One of the benefits of microstructuring a patterned interface is that the
adhesive exhibits higher strength due to the “contact splitting effect” [39].
This can be explained primarily by considering the nonuniform stress
distribution along with the interface of the adhesive due to the edge effects,
imperfections, and boundary conditions, which creates either stress concen-
trations in the fibril interface, leading to initiation and propagation of a
detachment front [40]. Another advantage of a subdivision of the interface
into fibrils is the ability to dissipate the strain energy accumulated in a fibril
before its detachment. This energy cannot drive the detachment of neighbor
fibrils and contribute to the propagation of the detachment front [41,42].
This is because the detachment crack must be renucleated for each fibril,
making peeling more difficult than in the case of a continuum contact.
This phenomenon is referred to as “crack trapping” for a fibrillar structure,
which omits the stress singularity after detachment of a single fibril and redis-
tributes it between other fibrils as opposed to propagating the crack inside the
adhesive layer. One downside of this design is the risk of self-adherence be-
tween slender fibrils. This phenomenon is referred to as fibril clustering and
results in a reduction in the adhesive strength of the fibrillar interface [43].

Gecko adhesives can be manufactured with highly controllable adhesive
strength dependent on their geometry. For instance, increasing the number
of fibrils increases the maximum pull-off strength due to the greater number
of fibrils available to bear the applied load [44]. The functional grading of
fibril compliance has also been proposed to scale up robust adhesion, avoid
clustering, and increase roughness adaptation from the single unit [45e48]
to the whole adhesive [23,33].

The room for design optimization is the biggest advantage for gecko-
inspired adhesives, as adhesion can be essentially made to be zero in the
absence of shear loading for lamellae designs [49], have directional peel
strength with anisotropic caps [50e52], or have uniform and nondirectional
strength with a symmetric mushroom-shaped microstructure [30,31,53e55],
and all properties can be achieved with a single structural material. This
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geometry-based adhesive performance provides engineers a means to tailor
the right adhesive performance for the expected task and to have spatially
varying adhesive performance in robot grippers and other sensitive
applications.

For all these reasons, gecko-inspired adhesives have had a substantial
research niche in the area of space robotics and space systems because they
promise to enhance existing robotic end effectors and manipulate a much
wider variety of objects in space, both cooperative and uncooperative.
This chapter will outline their basic performance, adhesive categories, and
applications in space, along with predictions of future challenges to be
solved.

15.2 Materials and adhesive types

In this section, we review the major classes of micro/nanogeometries
and material classes that have been used to manufacture gecko-inspired ad-
hesives. The most common gecko adhesive materials are polymers due to
their low cost, ease of processing, and compatibility with molding into com-
plex microstructures [37]. Less common but still important for high-strength
and high-temperature gecko adhesives are materials such as CNTs [36]. The
vast majority of reported polymer-based gecko-inspired adhesives use
silicone or polyurethane rubber for the structural material, but there are re-
ports of thermoplastic elastomers [56], UV curing acrylates [57], and rigid
thermoplastics [35].

The structural types of gecko-inspired adhesives can be classified into fi-
bers, lamellae, mushroom shaped pillars, and directional mushroom-shaped
pillars. Fibers in our definition are at least 10:1 aspect ratio and are intended
to adhere via sidewall contact after the fiber bends when contacting another
surface. In this fashion, they act as shear-activated adhesives. Lamellae are
long wide ridges of material that are thin in one specific axis, while relatively
long in the other two, and can be considered very directionally sensitive
shear activated adhesives, with less impressive adhesive performance when
loaded parallel to the long axis of the lamellae. While in the literature there
are a variety of terminologies used to describe the categories listed, we
consider pillars to be a more appropriate terminology than fibers or hairs
for mushroom-shaped adhesives made from rubbers. The majority of
reported pillars made with rubbery material that function well as adhesives
are not more than 3:1 height to width [37], but there are exceptions to
be found [3].
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Mushroom-shaped pillars are distinguished from the fibers and lamellae
in that they are not designed to be loaded in sidewall contact but rather flat
contact at the tip, and stress concentrations are minimized by a thin
perimeter of flexible material surrounding the pillar cap [37,58]. Adhesion
performance of mushroom-shaped pillars is isotropic, with relatively high
peel and normal adhesion strengths, and no requirement to apply shear loads
to ensure normal adhesion strength. The last category of adhesive geometry
is the directional mushroom pillars, which are nearly the same of regular
mushroom pillars but include pillar or cap asymmetry to change the stress
concentrations and load location in response to shear or peel loadings
[30,50e52]. This location-based sensitivity to nonaxial loads ultimately
results in an adhesive that has moderate normal strength in the absence of
shear but can have its adhesive strength improved or diminished depending
on the shear loads, ultimately resulting in direction-dependent peel
strengths.

15.2.1 Fibers and hairlike structures
The first designs of gecko-inspired adhesives were presumed to work via
very similar structures to the gecko foot hairs, which are made of stiff
beta-keratin and are high aspect ratio and branch off into different hierarchi-
cal levels with the ultimate features being in the size range of approximately
10 nm [1]. Early efforts to duplicate these materials artificially were simple
cylindrical fibers manufactured from a variety of materials, but initially
CNTs [36] and stiff polypropylene (PP) were prominent examples of this
adhesive type [35]. These materials have negligible adhesion strength in
the absence of shear loading, with minimal real contact area at the tips if
they are simply loaded in the normal direction. However, if sufficient pre-
load and shear forces are applied, high aspect ratio fibers make side contact,
which then increases effective contact area and increases shear strength and
normal adhesive force.

15.2.2 Lamellae
In an effort to improve the adhesive performance, increase directionality of
adhesion strength, and reduce manufacturing complexity, lamellae-style ad-
hesives have been introduced by several groups [13,17,38,59e62]. These are
high aspect ratio flaps, with a flat surface that is able to make large contact
area when a shear load is applied. These flaps may be angled or tapered
or, in some other way, have a feature that is designed to produce high fric-
tion/adhesion when loaded in one direction and much less when loaded in

Space applications for gecko-inspired adhesives 429



the opposite orientation. Far fewer are fully characterized in their adhesive
performance when loaded in directions other than those in line with the
designed anisotropy. This lack of data makes adhesion performance more
difficult to predict when they are not operated using robots or via very pre-
dictable trajectories.

The use of polymers means that viscoelastic and hyperelastic behavior
must be considered when designing gecko-inspired adhesives. Experiments
have shown that the pull-off force of fibrillar adhesives increases with
retraction rate due to viscoelastic properties within elastomers [63].
Another aspect to consider is how the rubbers used to construct the fibrils
soften after single and repeated uses, a phenomenon referred to as the
Mullins effect [3]. This is because large strains are required to overcome
the strength of adhesion at the fibril tip. These hyperelastic strains result
in residual strain and anisotropy within the material [64]. Tuning
viscoelastic properties could allow for earlier detachment without compro-
mising the ultimate pull-off force.

For space applications, these lamellae adhesives are also required to have
at least two adhesive surfaces operating in different loading directions, so that
net shear force is zero when a pure normal adhesive grasping operation is
required. To date, these are the only designs known to have actually been
operated in spacedwithin the confines of the International Space Station
(ISS) [65]dalthough other terrestrial applications like industrial pick-and-
place robotics have benefited from the same basic technology.

15.2.3 Mushroom-shaped pillars
Mushroom-shaped pillars have rapidly become the most commonly manu-
factured and used gecko-inspired adhesives since the basic design was intro-
duced by multiple groups in 2005e06 [7,30,31,66]. The major innovation
for this structure is the thin overhanging cap on the top of a pillar (usually
circular), which prevents the normal load on the pillar from acting like a
crack initiator at the edge of the cylinder [67]. By avoiding the combination
of a natural stress concentration at the interface between a presumably flat
cylinder tip and flat contact area, the ultimate stress a mushroom shaped
pillar can maintain before pull-off may be as much as two orders of magni-
tude higher than its pure cylindrical counterpart.

While early work on these structures was in doubt as to the overall
effect of Van der Waals forces versus suction effects [63], subsequent exper-
iments have determined that if the fibers are smaller than approximately
50 mm in diameter and have appropriate geometries for strong adhesion,
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the contribution of suction to adhesive performance is negligible [68,69]. If
caps have many defects, have a very large cap diameter to pillar diameter
ratio, and are much larger than 100 mm, then suction may then play a
role in adhesion strength in atmosphere [63,70]. For space applications
where the operating environment is presumed to be a vacuum, this suction
component is ineffective, but current manufacturing methods have little
difficulty in producing uniform pillar diameters as small as 10 mm, over
large areas [3].

15.2.4 Directional mushroom pillars
Directional mushroom pillars are defined by the presence of an overhanging
cap feature on at least one edge of the pillar, but this cap is asymmetric in
some way. In some cases, the overhang is a variable dimension due to
two-mask processes with deliberate misalignment [50,51], which can
provide a very deterministic way to produce these structures. Other less
controlled, but simpler options to produce these caps include dipping tech-
niques [30,71], where liquid polymer is cured while a shear load is applied to
the whole sample, angled exposures to produce an underling fiber that is
offset [55], or mechanical tearing of a cap due to an introduced defect
that prevents the original master mold, or subsequent replicas from accu-
rately reproducing a cap on one side of the pillar.

Other ways to produce the effect of an offset cap are to introduce a
multiheight cap, where the cap effectively has a crack already initiated in
the contact surface. Upon an application of a shear load, the cap can either
have the crack loaded in tension or compression, and the superposition of a
moment on top of tension loading allows for accurate prediction of ulti-
mate adhesive performance simply by looking for the onset of a critical
stress, which will initiate adhesive failure. These types of fibers have a
unique adhesive profile depending on the radial direction of loading
compared with the designed strong-weak axis. Depending on the geome-
try, these pillars may have a very narrow strong peeling strength direction
or a narrow weak peeling direction. In these instances, very precise robotic
control would be desirable to maximize the utility of the adhesives.

Future versions should ideally have a very broad range of angles for both
strong and weak directions, with a sharp transition between the two. The
enhancement of these adhesives can rely on microstructure geometry as
well as subsurface features, macroscopic anisotropic gripping mechanisms,
and multimaterial fabrication. The ultimate goal would be to enhance
maximum adhesion and the adhesive ratio for the strong and weak adhesion
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states. Work on optimized anisotropic adhesives is far less developed than
that of mushroom-shaped versions, so further improvements could be
expected in the future.

15.3 Material choices for space applications of dry
adhesives

In this section, we detail and discuss a variety of potential material
choices for dry adhesives that have potential applications for use in space.
Silicone rubbers, polyurethanes, polyimides, thermoplastic elastomers,
fluoroelastomers, and CNTs have advantages and disadvantages for the chal-
lenging environments encountered in space. These will determine their spe-
cific applications, as discussed in the following.

15.3.1 Silicone rubbers
The materials used to manufacture gecko-inspired adhesives vary widely but
are dominated by silicone and polyurethane rubbers in published literature
[37]. Silicone rubbers are the most common within academic labs and scien-
tific reports because they are relatively safe to work with, can replicate very
small features (w10 nm) easily with simple molding techniques, and are
compatible with a very wide range of temperatures (approximately
�60�C to þ 200�C), and specific silicones such as Sylgard� 184 are very
well characterized in literature from their use in alternative applications
such as microfluidics [72] and soft lithography [73]. Silicone rubbers are
readily available from a variety of sources and can be obtained with cured
mechanical properties ranging from gels and PSAs, to relatively stiff rubbers.

Silicones are available with a variety of curing mechanisms, including
addition cured, condensation cured, and moisture cured. Of the types listed
in the literature, addition-cured silicones such as Sylgard� 184 are the most
common. Addition curing produced a product with minimal shrinkage if
cured at room temperature and negligible by-products in the curing reac-
tion, and the curing reaction may be sped up with the application of heat,
making it more convenient for faster manufacturing. Condensation cure
silicones have liquid by-products that condense out of the polymer matrix
when it is curing, which leads to more substantial shrinkage of the part rela-
tive to the mold. The curing mechanism is much less sensitive to inhibition
from mold material or external contamination than addition-cured silicone
due to the different chemical reaction, but the curing reaction cannot be
accelerated substantially by applying heat. Mechanical properties and
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thermal stability are often not quite as good with condensation cured sili-
cones, and volatile components may be released over many weeks from
the room temperatureecured material. Moisture-cured silicones are most
commonly found as adhesives, such as Sil-Poxy� and RTV�159, which
are both available as a one-component cure that reacts with atmospheric
moisture to trigger the curing reaction. Sil-Poxy� is often used in bonding
dissimilar silicones, and RTV�159 is a more durable and aggressive silicone
adhesive that can bond silicone to many plastics and metals, for example,
which would dramatically aid in silicone adhesive integration with other
robot components [74]. Neither of these adhesives, however, has been
used for manufacturing gecko-inspired adhesives directly.

15.3.2 Polyurethanes
Polyurethanes are a very broad class of materials that can be extremely soft or
very hard depending on the exact chemistry of their component parts [75].
In general, polyurethanes are far less stable than silicones when comparing
thermal tolerances, UV/radiation exposures, and chemical resistance. In
particular, the low temperature performance of many polyurethanes is
much worse than that of silicone, and they can become brittle or inelastic
at temperatures much higher than silicones’ low temperature operational
range. There is little published work on the use of polyurethanes in space
applications of dry adhesives; however, so exact operational ranges and per-
formance are mostly unknown. The degradation mechanisms could be
similar to other polymers exposed to the extreme conditions of space, but
variables such as UV resistance, outgassing, thermal degradation, and glass
transition temperature/viscoelastic properties would all need to be verified
before using this class of material in space applications.

15.3.3 Polyimides
Polyimides have a long history in space applications, with integration in a
number of surfaces in spacecraft [76]. Their exceptional temperature toler-
ances (�269�Ce400�C) for some formulations such as Kapton means that
the harshest temperature swings experienced in orbit (w�100�C
to þ 100�C) are less problematic from a material property point of view.
Some of the very first reported gecko-inspired adhesives were manufactured
out of polyimide by the Geim group based on e-beam lithography and dry
etching [77]. The very high modulus of the material (w2e3 GPa) and the
difficulty of nanoscale patterning, however, meant that this particular fabri-
cation method was not successfully duplicated by other researchers [78]
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although viscoelastic effects in backing layers were identified as one source of
difference and could possibly be reexamined in future use of these materials
as dry adhesives. Importantly, at the time of these two conflicting reports,
the critical influence of exact contact geometry of fiber tips was not yet
recognized as an import factor in adhesion strength and so may yet be a topic
of future investigations.

15.3.4 Thermoplastic elastomers
Thermoplastic elastomers combine the mechanical performance of rubbers,
with the processability of elastomers. For extreme temperature changes,
these would not necessarily be the best choice of materials, but several classes
can be used up to approximately 80�C and at temperatures as low as �40�C
without huge changes in their storage modulus [79]. The range of material
and processing properties is very large, but one class that has been success-
fully used for dry adhesives is styreneeethyleneebutyleneestyrene (SEBS)
[56,80e82]. These materials have the largest advantage for space applications
by the fact that they could be theoretically manufactured in space, using a
compression molding techniques [81]. As long as the bulk material exists,
it could be remelted and reformed into adhesives with reusable molds that
could be on spacecraft already. While this has not been demonstrated yet
in space, there is little technical challenge, as terrestrial manufacturing is as
simple as a t-shirt hot press and silicone rubber molds [74] and
manufacturing of dry adhesive sheets has routinely be done from remelted
material if damage or excessive contamination of the adhesives has occurred.
The low temperature operation of the materials can be avoided simply by
embedding heaters into the adhesive sheets themselves [74] and would
also potentially permit the melting and molding of a surface as part of a reg-
ular refresh cycle. Little is known, however, about how these materials
handle extreme UV, radiation, and other possible degradation mechanisms
in space, and it remains an open research question as to the viability of these
materials for this application.

15.3.5 Fluoroelastomers
Fluoroelastomers are rubbers that are frequently used in space applications
and are typically selected for their low outgassing properties, temperature
tolerance, and proven history in successful space missions. There are many
classes of fluoroelastomers, but they are, in general, worse than silicone
rubbers for temperature range, far more difficult to process (requiring curing
at elevated temperatures and pressures, while producing HF vapor as a
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by-product) and are difficult to demold from microstructures. While there
are some articles describing its utility in microfabrication [83], most forms
of fluoroelastomers are provided precured as O-rings, gaskets, and similar
material from industrial suppliers.

Some preliminary investigations on the development of flat Viton�

surfaces molded from PDMS and glass molds were attempted several years
ago by the authors from uncured resin (FKM J2643 from ARDL Inc.).
While eventually flat surfaces that had some substantial dry adhesion based
on JKR tests were achieved, no appropriately shaped microstructures with
mushroom-shaped caps were possible to reproduce during the timeline of
the project due to exceptionally high viscosity of the uncured resin, and
the interactions between the resin and mold materials (TC-5030 silicone)
during curing.

15.3.6 Carbon nanotubes
Carbon nanotubes were some of the first materials used for gecko-inspired
adhesives [36,84]. They are not polymer based, have the benefit of much
higher temperature tolerances on the upper end, and are highly electrically
and thermally conductive compared with polymers. They are, however, far
more expensive to manufacture in the highly aligned forms that are most
effective for adhesion. Additionally, there are questions as to the long-term
durability of these materials for repeated contacts and gripping actionsdfew
if any reports describe use of the materials for high cycle numbers and/or in
unstructured environments. The last major issue is that the majority of re-
ported CNT type adhesives can report very high shear strengths but achieve
this after a substantial preloading requirement. This is more problematic in
space, where grasping objects should be done with minimal reaction forces
so that impacts and accelerations be minimized so as to not lose contact.

15.4 Applications of dry adhesives

Space applications of dry adhesives have been broadly focused on a
few main areas to date in the published literature, primarily in the areas of
proposed mechanisms for space debris capture, reusable adhesive surfaces
within spacecraft, climbing/inspection robots, and robotic assembly. While
there have been promising claims about the combination of these adhesives
for specific space applications, there are minimal direct investigations in the
actual space environment, although some devices within the International
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Space Station have been successfully demonstrated. The primary work
reported has been in proposed solutions for grasping, manipulation, and cap-
ture of satellites and space debris in orbit, and work in this area is compiled in
the following section. Fig. 15.3 provides some pictures of these engineering
prototypes and current applications to space.

15.4.1 Robot grasping for inspection and manipulation
Space robotics and climbing robots have been part of the story of gecko-
inspired adhesives from nearly the beginning of the field. The fact that
deceased geckos were known to adhere in a vacuum was determined over
a century ago [85] although the exact mechanism of adhesion was not
confirmed for decades. The promise of materials that could adhere reversibly
to nearly any surface within a vacuum was a very strong incentive to
examine the utility of gecko-inspired adhesives for space applications and

Figure 15.3 Engineered prototypes of bio-inspired fibrillar dry adhesives. Counter-
clockwise from top-left: SEM image of a single mushroom-capped dry adhesive post
and an array of adhesives from the top. Source: Reprinted with permission from M. Hen-
rey, J.P.D. Téllez, K. Wormnes, L. Pambaguian, C. Menon, Toward the use of mushroom-
capped dry adhesives in outer space: Effects of low pressure and temperature on adhesion
strength, Aerospace Science and Technology 29 (1) (August 2013) 185e190. Copyright
Elsevier 2013; NASA astronaut using reversible adhesives to collect space debris (cour-
tesy NASA). Abigalle 1 space robot prototype (Credit: Dr. Dan Sameoto and Simon Fraser
University). Graphic art of a space robot walking outside the International Space Station
(Courtesy: NASA).
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lead to several funded projects via NASA and the European Space Agency
(ESA) for robotic grasping that could integrate these adhesives.

Space roboticsdfor either robot end effectors/manipulators, mobile in-
spection robots, or planetary explorationdwere some of the first explicitly
described end applications for gecko adhesives [86]. The first produced
climbing robots (which were also described as possible tool for spacecraft
inspection) ultimately intended to make use of gecko adhesive technology
were published in 2004, with a tank tread style climbing robot and wheel
leg (wheg) robots described [4,5]. That early work identified a “tail” mech-
anism needed for the robot to make adequate preload with the leading part
of the adhesive treads or whegs, or else the robot would simply rotate off the
wall and fall down. This early example did not actually use gecko-inspired
adhesives, but PSAs or flat silicone rubber treads instead because the
manufacturing of gecko-inspired adhesives at that point in time had not
resulted in substantial adhesive strengths to permit climbing.

15.4.1.1 Rigid Gecko Robot
The Rigid Gecko Robot (RGR) was also intended to operate eventually
with gecko-inspired adhesives but used unstructured silicone rubber or
silly-putty as the adhesive materials in that prototype [6]. The first climbing
robot that made use of gecko-inspired adhesives that actually had superior
performance to flat adhesives of the same material (polyvinylsiloxanedPVS)
was described by Daltorio et al. in 2006 [7]. This was an early example of the
mushroom-shaped dry adhesive fiber designs that have since become widely
used for high normal strength gecko-inspired adhesives. While this robot
was not explicitly intended for space applications, it was one of the first
that implemented the original climbing utility of the gecko adhesive
mechanisms.

15.4.1.2 Whegs and Waalbot concepts
Shortly after this time, the mini Whegs concept evolved to form Waalbot
[11], which had substantial mobility improvement over the earlier design
but still used a soft polyurethane pad (VytaFlex� 10) rather than gecko ad-
hesives for attachment mechanisms. It eventually progressed in 2009 [15]
and was fully described in 2011 [87] as using mushroom-shaped polyure-
thane dry adhesives. Geckobot was introduced as a climbing robot in
2006 by Unver et al. [8]. The robot was explicitly modeled on a gecko,
with a similar gait using four robot legs and a tail. Geckobot was imple-
mented with silicone rubber adhesive pads, but the silicone was flat/
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unstructured for this work. The robot could climb up inclined surfaces up to
angles of 85 degrees at approximately 1 cm/s. In 2008, perhaps the most
explicitly gecko-inspired robot was reporteddStickybotdby Kim et al.
[13]. This design was shaped like a gecko, with four legs and a tail, and could
only climb walls vertically (minimal turning capacity).

Stickybot used polyurethane fibers with angled tips to produce a direc-
tionally sensitive adhesion foot pad with minimal peel strength. The foot de-
signs of Stickybot could have the “toes” peel up in a similar fashion to the
digital hyperextension seen in real gecko feet. The result was the ability
to grasp and release quickly and easily from smooth surfaces like glass. While
this design was not intended for space applications, the directional adhesive
was one that would eventually inspire other legged climbing robots.

15.4.1.3 Spider inspired robots
In 2008, a new climbing robot project was funded by the ESA to develop
robotic systems for spacecraft inspection and planetary exploration. The first
robotic design was Abigaille-I, a spider-inspired robot that was to eventually
use gecko-inspired adhesives for the feet [14]. While being spider inspired, it
only had six legs rather than eight. The legs were arranged in radially sym-
metric fashion, and the gait of the robot was inspired by spiders rather than
insects. The system had 18 independent motors for control of the legs, and
silicone rubber feet with passive compliance were designed to make contact
with the climbing surface.

The Abigaille robot project eventually progressed to Abigaille-II in 2011
[88] and Abigaille-III in 2014 [89]. With each generation, the robot
increased in mass as did the power of the motors and strength of the adhesive
pads. By the last generation of this particular hexapod robot design, the foot
pads had hierarchical silicone rubber gecko-inspired adhesives, a complex
cam, motor, and IR sensor for controlling detachment of feet. The adhesion
force had to be very high per foot (w3N) because the total robot mass had
increased to approximately 635 g compared with the first-generation
Abigaille of only 131 g. The project developed dry adhesives and robotic
climber platform simultaneously, so as the design of dry adhesive was
improved with time to enhance adhesion to hold the robot, the strength
of the motors needed to remove the adhesive from surfaces (because initial
adhesive variants were nondirectional) also had to increase with then
increased robot mass. Several subprojects were generated by that robotic
work, including the first indication of the importance of foot compliance
on the load sharing of adhesive pads [90], stiffness switching mechanisms
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to control load sharing and adhesion strength in gecko adhesives [91], active
cleaning mechanisms for dry adhesives [92], and the utility of geometric
hierarchy in dry adhesive designs [93]. The overall result was an adaptable
but slow (w1 mm/s) climbing robot by the time the project ended [89].

15.4.1.4 Gecko-inspired adhesives or microspines for climbing
Another advanced legged climbing robot for space application was Lemur
3ddeveloped by NASA’s Jet Propulsion Laboratorydwhich used either
gecko-inspired adhesives or microspines for climbing on a variety of surfaces
[94]. The gecko adhesives used in Lemur 3 were directionally sensitive
wedge-type adhesives (lamellae) and included two arrays per leg, each being
10 cm2 in size. The directionally sensitive adhesive arrays were sheared
toward one another to grasp the surface, and all pads engaged simultaneously
could hold up to 150 N in normal load on smooth clean glass, for an approx-
imate normal adhesion strength of 19 kPa. The authors acknowledged that
this adhesion strength would be substantially reduced in the presence of
contaminants or on rougher surfaces. The robot was also very slow, only
reporting speeds of 0.16 m/h on an open rock face with microspines,
although this very low speed was partially attributed to a lack of autonomy,
which required a human operator to select grasping poses. The demonstra-
tion of Lemur 3 walking on a solar panel mockup as might happen on a
spacecraft did not report walking speeds but was also very slow. The mass
of Lemur 3 was 35 kg, which is higher than the either gecko or microspine
end effectors that could support in earth gravity, so all tests were run with the
weight of the robot partially offset by a constant force spring supporting ver-
tical loads.

15.4.1.5 Tank tread climbing robots
Besides the legged climbing robots, tank tread-style climbing robots also
improved in their design and were developed by several groups for a variety
of applications. Unver and Sitti introduced Tankbot in 2010 [95], which
used a soft polyurethane tread to form an unstructured dry adhesive. It
was a lightweight, single segment tank design similar to the design proposed
by Menon and Sitti [5], but it was able to successfully climb walls, transition
from floors to walls, turn, travel over obstacles, and carry payloads up to
300 g with a robot base mass of 115 g. The relatively soft polyurethane
treads (Vytaflex 10 from Smooth-On) required repeated cleaning with
alcohol to recover adhesion as it would pick up dust and debris easily, but
gecko-inspired materials were proposed for self-cleaning future variants.
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Krahn et al. demonstrated the timing belt-based climbing platform
(TBCP-II) in 2011 [96]. The TBCP-II was a double-tank system with a
controllable linkage in between tank segments to actively preload the treads
and required no “tail”mechanism for appropriate climbing up walls, around
corners and over ledges. The system used mushroom-shaped silicone rubber
dry adhesives reinforced with 30-gauge wire loops to form the 4 cm wide
treads and was successful at climbing on smooth acrylic surfaces as well as
transitioning from a surface to climbing up and down vertical smooth walls.
Turning was possible in this design, and speeds up to 3.4 cm/s were
achieved. No information was provided on the average contact area of
the adhesive treads to the surface, but the treads were very wide compared
with the driving belt (Stock Drive Products/Sterling Instrument, GT-2)
meaning the actual loaded area of silicone dry adhesives was likely much
lower than the width of the treads might imply.

A very similar double-tank design was published the following year by
Seo and Sitti and was an expansion on the Tankbot design [97]. In this
new system, a double-tank mechanism with a passive linkage in between
segments was employed, with an active tail mechanism on the back-tank
design. The tread material was again Vytaflex 10 polyurethane. The system
could transition over many 90 degrees turns from floors to walls to ceilings
and even over 180 degrees angles from either side of a flat panel but was not
capable of turning in-plane.

Climbing tank style robots did not have much further development after
this time except for a very recent entrant in 2020, which explicitly addressed
the load sharing issue for scalable dry adhesive strength. It had been well
established that the microscale adhesion strength of gecko adhesives were
orders of magnitude larger than that of the actual animal, and robots based
on gecko-inspired adhesives have frequently not been able to achieve ideal
adhesion properties because of unequal load sharing in the foot designs.
Earlier tank tread designs had relatively stretchable and soft treads, which
is very poor at supporting loads in shear [98].

The latest reported climbing tracked robot uses discrete rigid elements
within linkages to help evenly distribute load through the portion of the
track in contact with a vertical climbing surface [99]. The robot does not
use gecko adhesives, but a softer foam/suction cupetype design called
Regabond-S, with a reported normal adhesion strength of approximately
80 kPa. The tracked robot could climb smooth acrylic and did so with a total
mass of 40 kg with an adhered area of 0.031 m2, which is several orders of
magnitude higher than earlier reported climbing robot designs. This design
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demonstrates that the practical limits of implementing gecko-inspired adhe-
sives at larger scales will primarily be determined by the ability of the macro-
scale system to ensure the loads are distributed as evenly as possible. With the
shear loading capabilities of the nonstructured dry adhesive reported by Bar-
tlett et al., for example, which has held as much as 29.5 N/cm2, this tracked
robot could have in theory carried approximately 20 times as much weight.
This work demonstrates not only large improvements but also how much
better future designs could potentially be.

15.4.2 Grasping of satellites and other free flying material
15.4.2.1 Robotic arms
While climbing robots have been primarily considered as an alternative to
space walks for astronauts for inspecting spacecraft, another obvious use
for gecko-inspired adhesives is to enhance the capabilities of existing robot
end effectors for grasping and manipulating objects in space. Robotic arms
such as the Canadarm and Canadarm2 have been used successful on the
space shuttles and international space station and upgraded in the case of
Canadarm2 with Dextre [100], a highly versatile robotic system for manip-
ulation of equipment, installations, and inspections of the ISS. These systems
are incredibly complex, and are capable of a wide range of tasks, but are
designed for manipulating known payloads, such as batteries and station
equipment, which may have specific features that make them easier to grasp.
For more flexible manipulation and capture of objects such as space debris
where tumbling, unknown surface quality, and highly variable shapes and
sizes might be possible, different strategies may be needed for grasping and
capture.

15.4.2.2 Use of shape memory alloys
One of the most detailed investigations published to date into the integra-
tion of a gecko-inspired capturing mechanism for objects in orbit was
completed by a joint effort at Stanford University and NASAs Jet Propulsion
Laboratory (JPL) [65]. The complete system was a culmination of efforts in
directional dry adhesives manufacturing, flat on-off grippers, flexible films
for grasping convex objects, pulley differentials for equal load sharing, out-
riggers to help apply moments, and nonlinear springs for absorbing impact
loads. The nonlinear springs were made of superelastic shape memory alloy
(SMA) pretensioned to provided substantial hysteresis in the wrist joints of
the end effector, which could absorb much of the energy of impact between
adhesives and moving objects, resulting in higher success rates at grasping in
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microgravity. It has a significant advantage over a simple damper in that it
acts in a very stiff fashion under static loads, while alternatives like highly
damping foams would collapse due to their high compliance.

The system was successfully tested in microgravity and was able to cap-
ture (with a human operator) flat and cylindrical objects with representative
surfaces as would likely be found on space system. It was also used in JPL’s
formation control testbed with two robots each with a mass of 370 kg
floating on air bearings, which represented a 2D simulated microgravity
capture of a derelict satellite. While a phenomenal engineering achievement,
this robotic grasping solution is quite complex, owing to the needs to
distribute forces, load objects with minimal disturbances, and absorb energy
of impact.

15.4.2.3 Soft robotics
As a dramatically different approach to the challenge of grasping objects with
gecko-inspired adhesives, an alternative soft robotic grasping mechanism was
developed by researchers at University of California San Diego (UCSD) and
NASA JPL [61]. Soft robotics is a developing field where the structural ma-
terials of the functional robotic mechanisms may be made of soft rubbery
materials with hyperelastic or viscoelastic behaviors [101]. When made of
silicone rubbers, for example, soft robots can actuate millions of times
without failure; can be resilient to impacts, high and low temperatures,
and extreme mechanical deformations; and are extremely simple and inex-
pensive to manufacture in comparison with rigid robots. Their disadvantages
include lower forces for actuation, very difficult control and modeling, and
nonlinear mechanics of operation, which makes prediction of performance
more difficult. Despite these challenges, simple inflatable soft robotics have
proven highly reliable in industrial pick and place operations precisely
because the grippers are able to make contact and envelop a wide range
of objects due to their inherent compliance.

While inflatable actuators are not appropriate for space applications, al-
ternatives such as tendon-driven or electrically activated actuators could pro-
vide similar functions, without the challenges of pneumatic actuation in
vacuum conditions. The soft robotic solution from UCSD used a pneumatic
network actuator, designed for uniform moment along its length, to actuate
a soft gripper with the shear-enhanced lamellae-style adhesives. The soft
nature of the gripper allows it to envelop structures such as coffee cups,
tubes, fruits, and other unusual objects without requiring any complex feed-
back or the complicated design work of the Stanford University design [65].
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The result is a very lightweight actuator (w50g) that can hold up to 50 N
and can hold objects that are smaller or larger in size than the gripper itself.
This is something that the rigid types of grippers could struggle with, for
example, as they were predesigned to grasp objects with relatively large radii.

A similar soft actuator was reported by Zheng et al. in 2019 [74]. The
novel aspect of this design was that embedded heaters were included in
the pneumatic soft robot to heat a layer of adhesive material that could either
act like a Velcro fastener at room temperatures, when the adhesive polymer
had a modulus of approximately 1 GPa, or act as a gecko-inspired adhesive
when heated above the transition temperature of approximately 35�C. The
exact same geometry became useful at picking up fabrics or smooth surfaces
depending on the temperature and also showed that, for use in space appli-
cation, a simple embedded heater could permit many adhesive materials to
be perfectly functional, as long as they are temperature controlled to a useful
range prior to grasping. This stiff to soft transition could also potentially be
used to aid in release of the materials for nondirectional adhesive designs.
Mushroom-type adhesive fibers typically have adhesive strength in the
normal direction approximately one order of magnitude higher than
shear-enhanced directional adhesives [37], and for many typical robotic
grasping applications in space, the speed of operation or frequency of pick
and release would not necessarily need the quick oneoff as used in
wedge-shaped designs.

15.4.3 Space debris capture
Perhaps the most compelling case for the needs for gecko-inspired adhesives
in space applications has been driven by the need to introduce active space
debris clean-up mechanisms [102,103]. Space debris is the terminology used
for describing nonfunctional, human-made components in earth orbit, and
this debris ranges in size from large rocket bodies left in orbit from launches,
to screws, tools, and paint chips coming off of degrading satellites. There are
tens of thousands of individually trackable pieces of orbital debris (roughly
10 cm diameter in size or larger) and many smaller pieces that cannot be
tracked. Depending on the altitude and size of the debris, it can be either
very problematic for long-term access to space or negligible as an issue.
For example, at altitudes lower than the ISS, space debris will often deorbit
and burn up in the earth’s atmosphere within a few years due to drag from
the residual atmosphere at these altitudes. At altitudes above 1000 km,
orbital debris could remain for decades or centuries. The high orbital
velocities, and variable paths, combined with natural uncertainties and
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interactions with residual atmosphere may eventually result in collisions.
These collisions can in turn create catastrophic amounts of new debris pieces
in new trajectories, and the possibility of a chain reaction of collisions
creating a cloud of expanding shrapnel was described by Kessler and
Cour-Palais in 1978 [104]. This potential event, now known as Kessler Syn-
drome [103] and popularized in the public imagination by the 2013 movie
Gravity, could render certain orbits unusable and, in worst-case scenario,
would block off human use of space for centuries to come.

The analysis of current orbital debris trends has estimated that active
removal of five of the most hazardous pieces of orbital debris (defined as
the product of mass times probability of collision) could stop this continuous
increase of debris pieces (even if no new launches occurred) and is known as
active debris removal (ADR) [103]. Multiple strategies for completely this
ADR have been proposed, but none have been successfully implemented
to date. Some aspects such as capture may require preliminary target
stabilization, and the mechanisms for deorbiting are highly varied in the
literature. Gecko-inspired adhesives have been considered as one potential
mechanism used as part of a capturing procedure, and compared with
many alternatives, gecko adhesives have a number of benefits. Table 15.1
compares the commonly listed capture mechanisms proposed in the ADR
literature.

For all the options examined, gecko-inspired adhesives have the advan-
tage of being reusable and multipurpose, while being less likely to produce
extra debris during the capture mechanism. Any real system for capturing
debris, however, would likely rely on a combination of mechanisms, such
as robotic arms, gecko adhesives, and other mechanisms such as electroadhe-
sion [59], to enhance grasping further. The exact benefit to using gecko
adhesives in this case relies on the exact mission, however. Reusability
may not be a concern if only a single piece of debris is captured and then
deorbited. If multiple grasp and release cycles are needed, however, the ad-
hesives become invaluable in comparison with alternatives such as harpoon
and nets.

A significant concern with any capture of debris would be how well the
mechanism deals with the potential detumbling and motion synchronization
steps [105]. Rigid robot arms would be very sensitive to high shocks or
accelerations, either needing substantial overdesign of the robotic arm
strength (and mass) or requiring nearly matched speeds and rotation before
attempting to capture. While gecko-inspired surfaces may not necessarily be
damaged in contacting uncooperative objects, their likely integration into
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Table 15.1 Comparison of capturing mechanism for active debris removal missions.

Reusability

Complexity
(low
is better)

Detumbling
possibility

Adaptability
to different
surfaces

Risk of
producing new
debris Multipurpose

Gecko þþ þ þ þ þ þþ
Robotic arm þ – þþ 0 – þþ
Harpoons - 0 – þ – -
Nets – 0 – þ - –

Ion beams þþ 0 – þþ þþ -
Clamping
mechanism

þ – þþ 0 - 0

Magnetic þþ þ 0 0 þ -

þþ, very good; þ, good; 0, medium; -, less suitable; –, unsuitable.
Table adapted from C. Trentlage, E. Stoll, The applicability of gecko adhesives in a docking mechanism for active debris removal missions, Astra, 2015.
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robotic capturing mechanisms could lead to problems of absorption of
energy, shock, and impact of loads is not considered carefully in the devel-
opment of the complete design.

15.4.4 Wearable adhesives: Durability, types of adhesives,
and oneoff mechanisms

Gecko-inspired adhesives have been proposed as part of clothing, fasteners,
and gripping surfaces. In comparison with Velcro and similar hook-in-loop
fasteners, gecko-inspired adhesives do not require a specific mating surface,
although all synthetic versions that have been manufactured benefit from
interacting with surfaces that are smooth, flat, and clean. Several prototype
gecko-inspired adhesive gripping mechanisms have been on the Interna-
tional Space Station for several years and were used to affix objects to walls,
hold onto small parts, and otherwise demonstrate that they could be an
alternative to hook-in-loop fasteners on the inside of spacecraft. The major
benefits to the design would lower likelihood of producing fiber debris/
contamination, making less noise than hook-in-loop connections when be-
ing removed and being lower profile, in addition to the obvious benefit that
a matching hook-in-loop surface would not be needed for every object
attached to the gecko pads.

The design that has been used on the ISS was lamellae-style oneoff type
gripper originally reported by Parness et al. [17,106] and consisted of two
pads approximately one-inch square, arranged on a spring-loaded mecha-
nism that would push the pads apart to ensure that shear loading was applied
to each pad, but the net load on the mating surface was zero. Shearing the
pads apart to trigger the “on” state was preferable to shearing them toward
each other because then the system could successfully grab and adhere to
thin sheets of material, which would otherwise buckle and delaminate
from the gripper. A user who wished to move the adhesive off of a surface
with minimal normal or peel loading needed only to squeeze the spring-
loaded mechanism together to reduce the shear loading between pads,
and the device would release easily.

15.5 Challenges for dry adhesives specific to space
environments

There are numerous ways that materials can degrade in space. In
particular, the use of polymers can be problematic because of the various
degradation mechanisms that radiation, thermal cycling, atomic oxygen
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(ATOX), and UV exposure can cause for bulk and surface properties of
polymers. The most likely degradation modes and possible mitigation stra-
tegies depend on the expected working environment. For example, if the
adhesives are used internal to a spacecraft in low earth orbit (LEO), they
would be protected from ATOX, UV, extreme temperature swings, and
most cosmic radiation. As a result, adhesives used within spacecraft can be
expected to maintain the performance that is observed on earth. However,
the utility of these materials is greatest when used for applications where
traditional hooks and fasteners like Velcro cannot be used, and internal to
a spacecraft is an environment that is already relatively well served by
existing fastener or adhesive solutions. If operated outside of controlled
environments, the following potential degradation mechanisms must be
considered.

15.5.1 Outgassing
A very common issue for polymers used in space is outgassing [107]. This
process occurs when absorbed gas, moisture, and low-molecular-weight
components within a polymer evaporate from the material under extremely
low pressures. This is a very problematic issue in proximity to optics used in
space, because the volatile components that outgas could potentially
condense or redeposit on optical surfaces and interfere with imaging. Testing
for outgassing requires specialized equipment and the vast majority of poly-
mers used in manufacturing dry adhesives have never been explicitly tested
for their outgassing properties although some lists of materials and their out-
gassing properties have been compiled [108]. While it is possible to purchase
silicones that are formulated to have minimal outgassing, this comes at very
high costs in comparison with silicones more frequently used in the literature.
Table 15.2 compares mechanical properties of Sylgard� 184 silicone rubber
and two very low outgassing-qualified silicone rubbers produced by NuSil.
The mechanical properties are very similar and all work for manufacturing
dry adhesives, but the very low outgassing materials were approximately
100� more expensive per volume at the time of purchase (2015).

15.5.2 Atomic oxygen
Atomic oxygen (ATOX) is present at altitudes up to 1000 km. It is generated
by the interactions of oxygen molecules with UV light from the sun, which
can break down the molecular bonds. In some cases, at lower altitudes, the
atomic oxygen is bonded to molecular oxygen to form ozone cations (O3

þ).
Where this concentration is most intense, it is well known as the ozone layer
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and occurs at approximately 35 km and lower. This is still within the atmo-
sphere and therefore not significant in relation to space applications of dry
adhesives. At higher altitudes, the density of gas is very low, so when atomic
oxygen is generated by UV, it is unlikely to recombine into ozone and the
composition of the gas layer becomes predominantly ATOX above altitudes
of approximately 200 km. The concentration of ATOX (as measured by
number of atoms per cm3) reduces by approximately an order of magnitude
for every 100 km further increase in altitude, and above 700 km would be
less than 1/1000th that of the concentration found at the altitude of the ISS.

ATOX is particularly concerning for silicone dry adhesives because even
short exposures would likely have a similar effect to O2 plasma exposures,
which have been reported to nearly eliminate dry adhesion due to the cre-
ation of a stiff SiOx layer on top of silicone [109]. While the paper describing
the PDMS surface wrinkling never explicitly published the adhesion differ-
ence between activated and nonactivated PDMS surfaces, this experiment
was attempted by Bareth et al. with space-qualified silicone rubbers in
2015 and presented at the Adhesion Society Annual meeting in 2016
[110]. In that work, both Sylgard� 184 and Nusil SCV-2590 and SCV-
2596 silicones were cast from the same geometry molds and tested at a range
of temperatures, after 254 nmUV exposures, and before and after O2 plasma
activation. Qualitative tests on Sylgard� 184 and Nusil SCV-2590 had

Table 15.2 Silicone comparison between Sylgard� 184 and two ultralow
outgassing-qualified silicone rubbers from NuSil. Approximate prices are quoted
in Canadian dollars from 2015.

Sylgard� 184a Nusil SCV1-2590b Nusil SCV-2596b

Appearance Water clear Water clear Black
Cure mechanism Platinum Platinum Platinum
Mixed viscosity 3500 cP w3300 cP NA
% TML (total mass loss) 0.19% 0.04% 0.04%
% CVCM (collected volatile
condensable materials)

0.01% 0.004% 0.004%

Durometer (Shore A) 45 50 75
Approx. Elongation % 150% 90% 90%
Tensile strength 6.7 MPa 6.4 MPa 3.3 MPa
CTE ppm/�C 340 400 580
Electrical properties Insulator Insulator 2.5 U-cm
Cost $45/1 lb kit $400/50 g kit $500/50 g kit

$ 100/kg $8000/kg $10000/kg
aSource: N.A. Walter, J.J. Scialdone, Outgassing Data for Selecting Spacecraft Materials, NASA
Reference Publication 1124 Revision 4, National Aeronautics and Space Administration, Goddard
Space Flight Center, Greenbelt, Maryland 20771 USA, June 1997.
bhttps://www.avantorsciences.com/pages/en/nusil, accessed 09.15.21.
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virtually no substantial differences in performance, and minimal differences
in adhesion performance were observed between all silicones with temper-
atures ranging from 22 to 200�C. When exposed to O2 plasma for as little as
30 s, most adhesion strength was lost, however, confirming similar claims in
the literature for Sylgard� 184.

Because the low outgassing silicone rubbers are exceptionally expensive
compared with Sylgard� 184 (approximately 100� more per kg) and their
adhesive performance and processing capabilities have been determined to
be quite comparable, there is little need to use them in experiments in the
future when examining the effect of geometry or temperature on the mate-
rials. The largest concern has become their durability when exposed to
ATOX, which, at the time of this article being written, has no solution other
than to keep the materials unexposed to ATOX as much as possible in orbit,
or use entirely different polymers that do not form a siloxane layer after
ATOX exposure. Unfortunately, even with materials like Viton� which
would not form a hard layer, the adhesive strength could ultimately be
degraded as uneven ATOX exposure roughens surfaces and eventually
degrades all material entirely to eliminate adhesive microstructures. Given
the percentage of debris objects in LEO, and the likelihood of ATOX being
a factor in these orbits, the development of mitigation strategies for adhesive
survivability should be a high priority for all future space adhesive
development.

15.5.3 Temperature
The temperatures (and variations) in orbit can be extreme, with several hun-
dred degrees Celsius difference between objects in full sun or completely
shaded by the earth. The actual temperatures would be dependent on
heat capacities, emissivity of surfaces, and time, for example, but are well
outside the range of most terrestrial applications. Some specific use cases,
like on the surface of Mars, might have different bounds of upper and lower
temperatures but are still extreme. In most reported literature, silicone rub-
bers have been used for their acceptable low temperature performance, with
tests run by Henry et al. [69] showing negligible adhesive performance
changes for silicone rubber mushroom-shaped adhesives at temperatures
ranging from �50�C to þ 75�C. Any rubbers used that were operated
below their glass transition temperature (Tg) would be expected to lose
adhesion as the modulus dramatically increases and ability to conform to sur-
faces is reduced.
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This problem is actually expected to be not too severe as long as
embedded heaters and temperature sensors can be integrated with the adhe-
sive surfaces and preheating would only be necessary during grasping oper-
ations rather than full time. Another overlooked aspect of many grasping
applications, such as space debris capture, is that the capturing process would
likely be guided by visual feedback, which implies that doing so in sunlight
would be most effective. So long as the operation does not occur too close to
the eclipsed portion of the orbit, the surfaces may have warmed to a suffi-
cient degree to allow many rubbery materials to function.

15.5.4 Radiation
There has been very little information in the literature regarding the perfor-
mance of dry adhesives under radiation. Radiation in our definition would
include highly energetic electromagnetic radiation such as UV, X-rays, or
gamma rays, as well as protons or atomic nuclei traveling at relativistic veloc-
ities. Nearly all materials would degrade eventually given enough exposure
to some of these radiation types, but for using dry adhesives in space appli-
cations, the primary question should be whether the adhesive materials
would degrade and be nonfunctional before the expected end lifetime of
the system they were attached to. Only a couple papers on the use of silicone
rubber dry adhesives exposed to ionizing radiation have been reported. The
silicone rubber (Sylgard� 170) wedge-shaped adhesives first reported by
Parness were tested in a high gamma radiation exposure system and were
found to maintain adhesive performance up to doses of 270 kGy, after
which the adhesive performance fell to approximately 50% of their pristine
performance at doses of 500 kGy [111]. The radiation source was 60Co at
2.54 cm distance, which produced a dose of 269 Gy/h, which meant
approximately 100 h of exposure was needed before the observation of a
reduced adhesion performance.

These adhesives were tested for their possible use in high-radiation envi-
ronment, such as glove boxes in nuclear research, and with the typical radi-
ation in “very high radiation environments” as defined by the US
Department of Energy, this adhesive’s life span was estimated to be more
than 5 years. Getting similar estimates for exposure in space is more difficult
but should be a similar order of magnitude. Another specific radiation test
performed on the same adhesive designs was their exposure to He2þ ions
for simulation of alpha radiation on greatly accelerated timescales [112].
The authors found that the samples maintained their adhesion strength up
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to doses of approximately 750 kGy but degraded substantially at 2000 kGy
doses with embrittlement and cracking obvious above this point.

In comparison with ATOX degradation, these radiation modes are much
slower acting for silicone rubber but could be much harder to protect against
or attenuate in GEO or lunar orbits, for example. One caveat with these re-
sults is that they were done on a relatively early adhesive design, with low
normal adhesion strength (w4 kPa) in pristine conditions, so it is possible
that newer designs, with higher initial adhesion strength, may be influenced
by radiation at lower doses. Any other future designs of dry adhesives made
of alternative structural materials other than silicone rubbers should be tested
for their ability to resist the expected radiation environments of the orbital
zones in which the adhesives are expected to be used.

15.6 Summary and conclusions

Gecko-inspired adhesives have been considered for space applications
since nearly the beginning of the field but the progress toward their actual
use has been slow. The most obvious utility of using Van der Waals adhe-
sives in spacedtheir vacuum compatibilitydhas been solved for a long
time, but it has come at the expense of perhaps overlooking the more diffi-
cult questions of extreme environments. The full test facilities to quantify
adhesive outgassing, radiation sensitivity, ATOX exposure, and other
extreme environment analogs to earth orbit are rare and expensive to access
for most researchers. Budgets to complete these types of tests will not exist
without firm commitments to missions like orbital debris capture, but these
missions themselves are rare due to the legal and political questions of liabil-
ity, economic concerns, and long mission planning times.

Gecko adhesives have already found use on the ISS as demonstration
grippers, and with the recent successful launch of astronauts aboard the
SpaceX Crew Dragon, it is likely that the numbers of humans in space
may be increasing in the near future, requiring more novel materials such
as gecko-inspired adhesives for new spacecraft surfaces, astronaut clothes,
and other internal features. The proposed Lunar Gateway mission in partic-
ular may be a very useful driver for dry adhesive technology as part of the
planned robotic arm or individual inspection robots, as the ATOX concerns
that are more problematic close to earth are not an issue near the moon. The
manufacturing methods, robotic integration strategies, and control of adhe-
sion via a variety of mechanism have been very well explored over the past
decade, and it is expected that with further push toward manufacturing and
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assembly in space, gecko adhesives as a technology have a substantial role to
play. There are, however, several reasons to be cautious.

While silicone-based dry adhesives have dominated the academic litera-
ture due to their relatively well-established processing conditions and each
of micropatterning via molding techniques, their utility in real space appli-
cations has yet to be confirmed. Their major benefits at low temperatures
compared with many other rubbers are not necessarily relevant if tempera-
ture controls can be integrated into robot end effector designs, and in fact
many objects in full sun (where visual capturing mechanisms are likely to
be operating) can become much higher than room temperatures at their
equilibrium. As such, many free space applications could be using different
polymers more effectively as the structural layers for dry adhesives.

Fluoroelastomers such as Viton� could be a very important alternative, as
their use in space systems has a much longer history, but they are exception-
ally difficult to micropattern in comparison with silicones, and for
academics, the payoff in trying to do so is much lower due to budget and
time constraints. For longer-term applications, we can take inspiration
from the gecko further and consider “molting” or replenishing dry adhesives
in situ to account for inevitable degradation. Such a system could be a very
small percentage by mass of a complete robot grasping solution yet could
improve lifetimes of the adhesives dramatically by reforming and recycling
the surfaces. The exact mechanisms to do so should be an active research
question.

References
[1] K. Autumn, et al., Adhesive force of a single gecko foot-hair, Nature 405 (6787)

(2000) 681e685.
[2] K. Autumn, et al., Evidence for van der Waals adhesion in gecko setae, Proc. Natl.

Acad. Sci. U. S. A. 99 (19) (2002) 12252e12256, https://doi.org/10.1073/
pnas.192252799.

[3] D. Sameoto, Manufacturing approaches and applications for bioinspired dry adhe-
sives, in: Bio-Inspired Structured Adhesives, Springer, 2017, pp. 221e244.

[4] C. Menon, M. Murphy, F. Angrilli, M. Sitti, WaalBots for space applications, in: 55th
IAC Conference, Vancouver, Canada, 2004.

[5] C. Menon, M. Murphy, M. Sitti, Gecko inspired surface climbing robots, in: 2004
IEEE International Conference on Robotics and Biomimetics, IEEE, 2004,
pp. 431e436.

[6] M. Carlo, S. Metin, A biomimetic climbing robot based on the gecko, J. Bionic Eng.
3 (3) (2006) 115e125.

[7] K.A. Daltorio, S. Gorb, A. Peressadko, A.D. Horchler, R.E. Ritzmann, R.D. Quinn,
A robot that climbs walls using micro-structured polymer feet, in: Climbing and
Walking Robots, Springer, 2006, pp. 131e138.

452 Dan Sameoto et al.

https://doi.org/10.1073/pnas.192252799
https://doi.org/10.1073/pnas.192252799


[8] O. Unver, A. Uneri, A. Aydemir, M. Sitti, Geckobot: a gecko inspired climbing
robot using elastomer adhesives, in: Proceedings 2006 IEEE International Conference
on Robotics and Automation, 2006. ICRA 2006, IEEE, 2006, pp. 2329e2335.

[9] S. Kim, M. Spenko, S. Trujillo, B. Heyneman, V. Mattoli, M.R. Cutkosky, Whole
body adhesion: hierarchical, directional and distributed control of adhesive forces for a
climbing robot, in: Proceedings 2007 IEEE International Conference on Robotics
and Automation, IEEE, 2007, pp. 1268e1273.

[10] C. Menon, M. Murphy, M. Sitti, N. Lan, Space Exploration-Towards Bio-Inspired
Climbing Robots, INTECH Open Access Publisher, 2007.

[11] M.P. Murphy, M. Sitti, Waalbot: an agile small-scale wall-climbing robot utilizing
dry elastomer adhesives, IEEE/ASME Trans. Mechatronics 12 (3) (2007) 330e338.

[12] D. Santos, M. Spenko, A. Parness, S. Kim, M. Cutkosky, Directional adhesion for
climbing: theoretical and practical considerations, J. Adhes. Sci. Technol. 21
(12e13) (2007) 1317e1341.

[13] S. Kim, M. Spenko, S. Trujillo, B. Heyneman, D. Santos, M.R. Cutkosky, Smooth
vertical surface climbing with directional adhesion, IEEE Trans. Robot. 24 (1) (2008)
65e74.

[14] C. Menon, Y. Li, D. Sameoto, C. Martens, Abigaille-I: towards the development of a
spider-inspired climbing robot for space use, in: 2008 2nd IEEE RAS & EMBS In-
ternational Conference on Biomedical Robotics and Biomechatronics, IEEE, 2008,
pp. 384e389.

[15] M.P. Murphy, M. Sitti, Waalbot: agile climbing with synthetic fibrillar dry adhesives,
in: 2009 IEEE International Conference on Robotics and Automation, IEEE, 2009,
pp. 1599e1600.

[16] F. Branz, L. Savioli, A. Francesconi, F. Sansone, J. Krahn, C. Menon, Soft docking
system for capture of irregularly shaped, uncontrolled space objects, in: 6th European
Conference on Space Debris, ESA/ESOC, Darmstadt, Germany, 2013.

[17] A. Parness, T. Hilgendorf, P. Daniel, M. Frost, V. White, B. Kennedy, Controllable
on-off adhesion for earth orbit grappling applications, in: 2013 IEEE Aerospace
Conference, IEEE, 2013, pp. 1e11.

[18] H. Jiang, et al., Scaling controllable adhesives to grapple floating objects in space, in:
2015 IEEE International Conference on Robotics and Automation (ICRA), IEEE,
2015, pp. 2828e2835.

[19] K. Autumn, How gecko toes stick, Am. Sci. 94 (2) (2006) 124e132.
[20] S.N. Gorb, M. Sinha, A. Peressadko, K.A. Daltorio, R.D. Quinn, Insects did it first: a

micropatterned adhesive tape for robotic applications, Bioinspiration Biomimetics 2
(4) (2007) S117.

[21] D. Tao, et al., Adhesion and friction of an isolated gecko setal array: the effects of sub-
strates and relative humidity, Biosurf. Biotribol. 1 (1) (2015) 42e49, https://doi.org/
10.1016/j.bsbt.2015.02.002.

[22] G. Huber, et al., Evidence for capillarity contributions to gecko adhesion from single
spatula nanomechanical measurements, Proc. Natl. Acad. Sci. U. S. A. 102 (45)
(2005) 16293e16296, https://doi.org/10.1073/pnas.0506328102.

[23] M. Bacca, J.A. Booth, K.L. Turner, R.M. McMeeking, Load sharing in bioinspired
fibrillar adhesives with backing layer interactions and interfacial misalignment,
J. Mech. Phys. Solid. 96 (2016) 428e444.

[24] J.A. Booth, M. Bacca, R.M. McMeeking, K.L. Foster, Benefit of backing-layer
compliance in fibrillar adhesive patchesdresistance to peel propagation in the pres-
ence of interfacial misalignment, Adv. Mater. Interfaces 5 (15) (2018) 1800272.

[25] M. Kamperman, E. Kroner, A. del Campo, R.M. McMeeking, E. Arzt, Functional
adhesive surfaces with “gecko” effect: the concept of contact splitting, Adv. Eng.
Mater. 12 (5) (2010) 335e348.

Space applications for gecko-inspired adhesives 453

https://doi.org/10.1016/j.bsbt.2015.02.002
https://doi.org/10.1016/j.bsbt.2015.02.002
https://doi.org/10.1073/pnas.0506328102


[26] N.A. Fleck, S.N. Khaderi, R.M. McMeeking, E. Arzt, Cohesive detachment of an
elastic pillar from a dissimilar substrate, J. Mech. Phys. Solid. 101 (2017) 30e43.

[27] H. Gao, H. Yao, Shape insensitive optimal adhesion of nanoscale fibrillar structures,
Proc. Natl. Acad. Sci. U. S. A. 101 (21) (2004) 7851e7856.

[28] H. Gao, X. Wang, H. Yao, S. Gorb, E. Arzt, Mechanics of hierarchical adhesion
structures of geckos, Mech. Mater. 37 (2e3) (2005) 275e285.

[29] H. Yao, H. Gao, Effects of interfacial friction on flaw tolerant adhesion between two
dissimilar elastic solids, Int. J. Solid Struct. 46 (3e4) (2009) 860e870.

[30] A. Del Campo, C. Greiner, E. Arzt, Contact shape controls adhesion of bioinspired
fibrillar surfaces, Langmuir 23 (20) (2007) 10235e10243.

[31] S. Gorb, M. Varenberg, A. Peressadko, J. Tuma, Biomimetic mushroom-shaped
fibrillar adhesive microstructure, J. R. Soc. Interface 4 (13) (2007) 271e275.

[32] S. Gorumlu, B. Aksak, Sticking to rough surfaces using functionally graded bio-
inspired microfibres, R. Soc. Open Sci. 4 (6) (2017) 161105.

[33] H. Khungura, M. Bacca, Optimal load sharing in bioinspired fibrillar adhesives:
asymptotic solution, J. Appl. Mech. 88 (3) (2020) 031004.

[34] K. Autumn, C. Majidi, R. Groff, A. Dittmore, R. Fearing, Effective elastic modulus
of isolated gecko setal arrays, J. Exp. Biol. 209 (18) (2006) 3558e3568.

[35] J. Lee, C. Majidi, B. Schubert, R.S. Fearing, Sliding-induced adhesion of stiff poly-
mer microfibre arrays. I. Macroscale behaviour, J. R. Soc. Interface 5 (25) (2008)
835e844.

[36] S. Sethi, L. Ge, L. Ci, P.M. Ajayan, A. Dhinojwala, Gecko-inspired carbon
nanotube-based self-cleaning adhesives, Nano Lett. 8 (3) (2008) 822e825.

[37] X. Li, et al., Recent developments in gecko-inspired dry adhesive surfaces from fabri-
cation to application, Surf. Topogr. Metrol. Prop. 7 (2) (2019) 023001.

[38] A. Parness, et al., A microfabricated wedge-shaped adhesive array displaying gecko-
like dynamic adhesion, directionality and long lifetime, J. R. Soc. Interface 6 (41)
(2009) 1223e1232.

[39] E. Arzt, S. Gorb, R. Spolenak, From micro to nano contacts in biological attachment
devices, Proc. Natl. Acad. Sci. U. S. A. 100 (19) (2003) 10603e10606, https://
doi.org/10.1073/pnas.1534701100.

[40] S.N. Khaderi, N.A. Fleck, E. Arzt, R.M. McMeeking, Detachment of an adhered
micropillar from a dissimilar substrate, J. Mech. Phys. Solid. 75 (2015) 159e183,
https://doi.org/10.1016/j.jmps.2014.11.004.

[41] N.J. Glassmaker, A. Jagota, C.-Y. Hui, W.L. Noderer, M.K. Chaudhury, Biologically
inspired crack trapping for enhanced adhesion, Proc. Natl. Acad. Sci. U. S. A. 104
(26) (2007) 10786e10791.

[42] J. Liu, C.Y. Hui, A. Jagota, Effect of fibril arrangement on crack trapping in a film-
terminated fibrillar interface, J. Polym. Sci. B Polym. Phys. 47 (23) (2009)
2368e2384.

[43] N. Glassmaker, A. Jagota, C.-Y. Hui, J. Kim, Design of biomimetic fibrillar interfaces:
1. Making contact, J. R. Soc. Interface 1 (1) (2004) 23e33.

[44] P.K. Porwal, C.Y. Hui, Strength statistics of adhesive contact between a fibrillar
structure and a rough substrate, J. R. Soc. Interface 5 (21) (2008) 441e448.

[45] S.N. Gorb, A.E. Filippov, Fibrillar adhesion with no clusterisation: functional signif-
icance of material gradient along adhesive setae of insects, Beilstein J. Nanotechnol. 5
(1) (2014) 837e845.

[46] R.G. Balijepalli, S.C. Fischer, R. Hensel, R.M. McMeeking, E. Arzt, Numerical
study of adhesion enhancement by composite fibrils with soft tip layers, J. Mech.
Phys. Solid. 99 (2017) 357e378.

[47] S.C. Fischer, E. Arzt, R. Hensel, Composite pillars with a tunable interface for adhe-
sion to rough substrates, ACS Appl. Mater. Interfaces 9 (1) (2017) 1036e1044.

454 Dan Sameoto et al.

https://doi.org/10.1073/pnas.1534701100
https://doi.org/10.1073/pnas.1534701100
https://doi.org/10.1016/j.jmps.2014.11.004


[48] F.H. Benvidi, M. Bacca, Theoretical limits in detachment strength for axisymmetric
bi-material adhesives, axXiv (2021) 2102.11324.

[49] K. Autumn, A. Dittmore, D. Santos, M. Spenko, M. Cutkosky, Frictional adhesion: a
new angle on gecko attachment, J. Exp. Biol. 209 (18) (2006) 3569e3579.

[50] D. Sameoto, C. Menon, Direct molding of dry adhesives with anisotropic peel
strength using an offset lift-off photoresist mold, J. Micromech. Microeng. 19 (11)
(2009) 115026.

[51] W.B. Khaled, D. Sameoto, Anisotropic dry adhesive via cap defects, Bioinspiration
Biomimetics 8 (4) (2013) 044002.

[52] Y. Wang, S. Lehmann, J. Shao, D. Sameoto, Adhesion circle: a new approach to bet-
ter characterize directional gecko-inspired dry adhesives, ACS Appl. Mater. Interfaces
9 (3) (2017) 3060e3067.

[53] D. Sameoto, C. Menon, A low-cost, high-yield fabrication method for producing
optimized biomimetic dry adhesives, J. Micromech. Microeng. 19 (11) (2009)
115002.

[54] D. Sameoto, C. Menon, Recent advances in the fabrication and adhesion testing of
biomimetic dry adhesives, Smart Mater. Struct. 19 (10) (2010) 103001.

[55] D. Sameoto, C. Menon, Deep UV patterning of acrylic masters for molding biomi-
metic dry adhesives, J. Micromech. Microeng. 20 (11) (2010) 115037.

[56] A. Wasay, D. Sameoto, Gecko gaskets for self-sealing and high-strength reversible
bonding of microfluidics, Lab Chip 15 (13) (2015) 2749e2753.

[57] H.E. Jeong, J.-K. Lee, H.N. Kim, S.H. Moon, K.Y. Suh, A nontransferring dry ad-
hesive with hierarchical polymer nanohairs, Proc. Natl. Acad. Sci. U. S. A. 106 (14)
(2009) 5639e5644.

[58] R. Hensel, K. Moh, E. Arzt, Engineering micropatterned dry adhesives: from contact
theory to handling applications, Adv. Funct. Mater. 28 (28) (2018) 1800865.

[59] D. Ruffatto III, A. Parness, M. Spenko, Improving controllable adhesion on both
rough and smooth surfaces with a hybrid electrostatic/gecko-like adhesive, J. R.
Soc. Interface 11 (93) (2014) 20131089.

[60] D. Tao, et al., Controllable anisotropic dry adhesion in vacuum: gecko inspired
wedged surface fabricated with ultraprecision diamond cutting, Adv. Funct. Mater.
27 (22) (2017) 1606576.

[61] P. Glick, S.A. Suresh, D. Ruffatto, M. Cutkosky, M.T. Tolley, A. Parness, A soft ro-
botic gripper with gecko-inspired adhesive, IEEE Robot. Automation Lett. 3 (2)
(2018) 903e910.

[62] S.A. Suresh, C.F. Kerst, M.R. Cutkosky, E.W. Hawkes, Spatially variant microstruc-
tured adhesive with one-way friction, J. R. Soc. Interface 16 (150) (2019) 20180705.

[63] L. Heepe, M. Varenberg, Y. Itovich, S.N. Gorb, Suction component in adhesion of
mushroom-shaped microstructure, J. R. Soc. Interface 8 (57) (2011) 585e589.

[64] J. Diani, B. Fayolle, P. Gilormini, A review on the Mullins effect, Eur. Polym. J. 45
(3) (2009) 601e612.

[65] H. Jiang, et al., A robotic device using gecko-inspired adhesives can grasp and manip-
ulate large objects in microgravity, Sci. Robot. 2 (7) (2017) eaan4545.

[66] S. Kim, M. Sitti, Biologically inspired polymer microfibers with spatulate tips as
repeatable fibrillar adhesives, Appl. Phys. Lett. 89 (26) (2006) 261911.

[67] G. Carbone, E. Pierro, S.N. Gorb, Origin of the superior adhesive performance
of mushroom-shaped microstructured surfaces, Soft Matter 7 (12) (2011)
5545e5552.

[68] D. Sameoto, H. Sharif, C. Menon, Investigation of low-pressure adhesion perfor-
mance of mushroom shaped biomimetic dry adhesives, J. Adhes. Sci. Technol. 26
(23) (2012) 2641e2652.

Space applications for gecko-inspired adhesives 455



[69] M. Henrey, J.P.D. Téllez, K. Wormnes, L. Pambaguian, C. Menon, Towards the use
of mushroom-capped dry adhesives in outer space: effects of low pressure and
temperature on adhesion strength, Aero. Sci. Technol. 29 (1) (2013) 185e190.

[70] J.A. Booth, V. Tinnemann, R. Hensel, E. Arzt, R.M. McMeeking, K.L. Foster,
Statistical properties of defect-dependent detachment strength in bioinspired dry
adhesives, J. R. Soc. Interface 16 (156) (2019) 20190239.

[71] M.P. Murphy, B. Aksak, M. Sitti, Gecko-inspired directional and controllable
adhesion, Small 5 (2) (2009) 170e175.

[72] T. Fujii, PDMS-based microfluidic devices for biomedical applications, Microelec-
tron. Eng. 61 (2002) 907e914.

[73] Y. Xia, G.M. Whitesides, Soft lithography, Annu. Rev. Mater. Sci. 28 (1) (1998)
153e184.

[74] T. Zhang, T. Liang, X. Yue, D. Sameoto, Integration of thermoresponsive velcro-
like adhesive for soft robotic grasping of fabrics or smooth surfaces, in: 2019 2nd
IEEE International Conference on Soft Robotics (RoboSoft), IEEE, 2019,
pp. 120e125.

[75] C. Hepburn, Polyurethane Elastomers, Springer Science & Business Media, 2012.
[76] I. Gouzman, E. Grossman, R. Verker, N. Atar, A. Bolker, N. Eliaz, Advances in

polyimide-based materials for space applications, Adv. Mater. 31 (18) (2019)
1807738.

[77] A.K. Geim, S. Dubonos, I. Grigorieva, K. Novoselov, A. Zhukov, S.Y. Shapoval,
Microfabricated adhesive mimicking gecko foot-hair, Nat. Mater. 2 (7) (2003)
461e463.

[78] C.-Y. Hui, N. Glassmaker, T. Tang, A. Jagota, Design of biomimetic fibrillar inter-
faces: 2. Mechanics of enhanced adhesion, J. R. Soc. Interface 1 (1) (2004) 35e48.

[79] E. Roy, J.-C. Galas, T. Veres, Thermoplastic elastomers for microfluidics: towards a
high-throughput fabrication method of multilayered microfluidic devices, Lab Chip
11 (18) (2011) 3193e3196.

[80] B.S. Bschaden, Developing Design Guidelines for Improved Gecko Inspired Dry
Adhesive Performance, 2014.

[81] W.B. Khaled, D. Sameoto, Fabrication and characterization of thermoplastic
elastomer dry adhesives with high strength and low contamination, ACS Appl. Mater.
Interfaces 6 (9) (2014) 6806e6815.

[82] D. Sameoto, A. Wasay, Materials selection and manufacturing of thermoplastic elas-
tomer microfluidics, in: Microfluidics, BioMEMS, and Medical Microsystems XIII,
vol. 9320, International Society for Optics and Photonics, 2015, p. 932001.

[83] G. Sharma, L. Klintberg, K. Hjort, Viton-based fluoroelastomer microfluidics,
J. Micromech. Microeng. 21 (2) (2011) 025016.

[84] B. Yurdumakan, N.R. Raravikar, P.M. Ajayan, A. Dhinojwala, Synthetic gecko
foot-hairs from multiwalled carbon nanotubes, Chem. Commun. 30 (2005)
3799e3801.

[85] E. Kroner, C.S. Davis, A study of the adhesive foot of the gecko: translation of a pub-
lication by Franz Weitlaner, J. Adhes. 91 (6) (2015) 481e487.

[86] T.L. Billings, R.D. McGown, C.L. York, B. Walden, Gecko-tech in planetary
exploration and base operations, in: Space 2002 and Robotics 2002, 2002,
pp. 64e70.

[87] M.P. Murphy, C. Kute, Y. Meng€uç, M. Sitti, Waalbot II: adhesion recovery and
improved performance of a climbing robot using fibrillar adhesives, Int. J. Robot
Res. 30 (1) (2011) 118e133.

[88] Y. Li, A. Ahmed, D. Sameoto, C. Menon, Abigaille II: toward the development of a
spider-inspired climbing robot, Robotica 30 (1) (2012) 79e89.

456 Dan Sameoto et al.



[89] M. Henrey, A. Ahmed, P. Boscariol, L. Shannon, C. Menon, Abigaille-III: a versatile,
bioinspired hexapod for scaling smooth vertical surfaces, J. Bionic Eng. 11 (1) (2014)
1e17.

[90] D. Sameoto, Y. Li, C. Menon, Multi-scale compliant foot designs and fabrication for
use with a spider-inspired climbing robot, J. Bionic Eng. 5 (3) (2008) 189e196.

[91] J. Krahn, D. Sameoto, C. Menon, Controllable biomimetic adhesion using
embedded phase change material, Smart Mater. Struct. 20 (1) (2010) 015014.

[92] J.D. Téllez, D. Sameoto, C. Menon, Cleaning properties of dry adhesives, Sci. China
Technol. Sci. 53 (11) (2010) 2942e2946.

[93] Y. Li, D. Sameoto, C. Menon, Enhanced compliant adhesive design and fabrication
with dual-level hierarchical structure, J. Bionic Eng. 7 (3) (2010) 228e234.

[94] A. Parness, N. Abcouwer, C. Fuller, N. Wiltsie, J. Nash, B. Kennedy, Lemur 3: a
limbed climbing robot for extreme terrain mobility in space, in: 2017 IEEE Interna-
tional Conference on Robotics and Automation (ICRA), IEEE, 2017,
pp. 5467e5473.

[95] O. Unver, M. Sitti, Tankbot: a palm-size, tank-like climbing robot using soft elas-
tomer adhesive treads, Int. J. Robot Res. 29 (14) (2010) 1761e1777.

[96] J. Krahn, Y. Liu, A. Sadeghi, C. Menon, A tailless timing belt climbing platform
utilizing dry adhesives with mushroom caps, Smart Mater. Struct. 20 (11) (2011)
115021.

[97] T. Seo, M. Sitti, Tank-like module-based climbing robot using passive compliant
joints, IEEE ASME Trans. Mechatron. 18 (1) (2012) 397e408.

[98] M.D. Bartlett, A.B. Croll, D.R. King, B.M. Paret, D.J. Irschick, A.J. Crosby, Looking
beyond fibrillar features to scale gecko-like adhesion, Adv. Mater. 24 (8) (2012)
1078e1083.

[99] W. Demirjian, M. Powelson, S. Canfield, Design of track-type climbing robots using
dry adhesives and compliant suspension for scalable payloads, J. Mech. Robot. 12 (3)
(2020).

[100] C.S. Agency, About Dextre, 2020. https://www.asc-csa.gc.ca/eng/iss/dextre/about.
asp. (Accessed 18 June 2020).

[101] G.M. Whitesides, Soft robotics, Angew. Chem. Int. Ed. 57 (16) (2018) 4258e4273.
[102] C. Trentlage, P. Mindermann, M.K. Ben Larbi, E. Stoll, Development and test of an

adaptable docking mechanism based on mushroom-shaped adhesive microstructures,
in: AIAA SPACE 2016, 2016, p. 5486.

[103] C. Trentlage, E. Stoll, The applicability of gecko adhesives in a docking mechanism
for active debris removal missions, in: 13th Symposium on Advanced Space Technol-
ogies in Robotics and Automation, ASTRA, 2015.

[104] D.J. Kessler, B.G. Cour-Palais, Collision frequency of artificial satellites: the creation
of a debris belt, J. Geophys. Res. 83 (A6) (1978) 2637e2646.

[105] T. Zhang, X. Yue, X. Ning, J. Yuan, Stabilization and parameter identification of
tumbling space debris with bounded torque in postcapture, Acta Astronaut. 123
(2016) 301e309.

[106] A. Parness, Testing gecko-like adhesives aboard the international space station, in:
AIAA SPACE and Astronautics Forum and Exposition, 2017, p. 5181.

[107] E. Grossman, I. Gouzman, Space environment effects on polymers in low earth orbit,
Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 208 (2003)
48e57.

[108] NASA, Outgassing Data for Selecting Spacecraft Materials, 2020. https://outgassing.
nasa.gov/. (Accessed 18 June 2020).

[109] H.E. Jeong, M.K. Kwak, K.Y. Suh, Stretchable, adhesion-tunable dry adhesive by
surface wrinkling, Langmuir 26 (4) (2010) 2223e2226.

Space applications for gecko-inspired adhesives 457

https://www.asc-csa.gc.ca/eng/iss/dextre/about.asp
https://www.asc-csa.gc.ca/eng/iss/dextre/about.asp
https://outgassing.nasa.gov/
https://outgassing.nasa.gov/


[110] D. Bareth, B. Soltannia, D. Sameoto, Evaluation of space qualified dry adhesives for
orbital debris capture, in: Adhesion Society Annual Meeting, San Antonio TX, 2016.
Available at: https://www.researchgate.net/publication/309185603_Evaluation_of_
Space_Qualified_Dry_Adhesives_for_Orbital_Debris_Capture.

[111] P. Day, M. Cutkosky, A. McLaughlin, Effects of gamma irradiation on adhesion of
polymer microstructure-based dry adhesives, Nucl. Technol. 180 (3) (2012)
450e455.

[112] P. Day, M. Cutkosky, R. Greco, A. McLaughlin, Effects of Heþþ ion irradiation on
adhesion of polymer microstructure-based dry adhesives, Nucl. Sci. Eng. 167 (3)
(2011) 242e247.

458 Dan Sameoto et al.

https://www.researchgate.net/publication/309185603_Evaluation_of_Space_Qualified_Dry_Adhesives_for_Orbital_Debris_Capture
https://www.researchgate.net/publication/309185603_Evaluation_of_Space_Qualified_Dry_Adhesives_for_Orbital_Debris_Capture


CHAPTER SIXTEEN

Automated electronic integrated
circuit manufacturing on the
Moon and Mars: Possibilities of
the development of bio-inspired
semiconductor technologies for
space applications
T.E. Girish, G.M. Anupama, G. Lakshmi
Department of Physics, University College, Trivandrum, Kerala, India

16.1 Introduction

The digital computer and microelectronics are among the important
inventions of the 20th century. Robotic space missions to the Moon and
other planetary bodies became possible because of these technological inno-
vations. Human settlements outside Earth and manufacturing in space [1] are
motivations behind building bases on the Moon or Mars. This will be done
mainly using in situ resources even though supplies from Earth are inevitable
in early stages. For deep space exploration of the solar system, self-replicating
machines [2] will be of great use. In this context, automated or robotic
manufacturing of semiconductor-based integrated circuits (ICs) in space be-
comes a necessity.

Efforts to improve performance and reduce the size of semiconductor
processor chips has led to think of alternate paths of innovations in which
bio-inspired techniques received more recent attention. In bio-inspired
computer systems, the performance time is faster because here the conven-
tional von Neumann architecture (separated memory and processor units) is
replaced [3] with non-von Neumann architectures (integrated memory and
processor units). Furthermore, biomimetic systems find an important place
in emerging areas such as big data analysis, cloud computing, and deep
learning [4]. Some space applications of bio-inspired technological systems
are already identified [5].
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In this chapter, we have studied in detail the possibilities of automated IC
manufacturing on the Moon and Mars. After discussing important steps in
semiconductor integrated circuit (IC) manufacturing, we have investigated
the material resources available for the same on the Moon or Mars. The cur-
rent status of automation in IC manufacturing and the possibilities of devel-
oping bio-inspired semiconductor technology will be then discussed. Based
on these facts, the prospects and problems in achieving the technological
goals in space will be studied. Our results will be of interest to the ongoing
in situ resource utilization (ISRU) programs [6] of different international
space agencies.

16.2 Important steps in semiconductor integrated
circuit manufacturing

The pioneering contributions of the Nobel Laureates Kilby and
Noyce led to the development of modern integrated circuits in the late
1960s [7]. The active devices used to make ICs are transistors or more pre-
cisely metaleoxideesemiconductor field-effect transistors (MOSFETs).
The size of an IC (in nm) is defined in terms of the gate length of the MOS-
FET. The gate length associated with the first Intel microprocessor IC 4004
was 10 mm [8]. The scientific and technological developments in semicon-
ductor IC manufacturing resulted in reduction of the size of ICs following
the famous Moore’s law [9]. Fig. 16.1 is a graph showing change in IC
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dimension between the years 1984 and 2020; it demonstrates a clear expo-
nential decrease from 1 mm to 5 nm.

From Fig. 16.1, we can find that IC fabrication process makes a transition
from micro- to nanotechnology by the year 2003. In Fig. 16.2, we have
plotted a number of transistors per unit volume of the IC, which describes
the integration level of active devices during the same period. We can find
that transistor density in semiconductor chips shows an exponential increase
during the past 15 years due to the developments in nanoscience and tech-
nology. This is also reflected in the increases in clock speed of processor ICs
during the same period as seen from Fig. 16.3. Despite the significant evo-
lution in the characteristics of semiconductor ICs during the past three
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decades, the basic steps in the semiconductor IC fabrication have not
changed much. In Table 16.1, we have shown the major steps and the asso-
ciated processes in semiconductor IC fabrication. The description of each
process is available in standard technical literature [10]; excellent reviews
on nanoscale IC fabrication are also available [11].

16.3 Materials required for integrated circuit
fabrication: Availability on the Moon and Mars

More than 40 materials/chemical compounds are required for semi-
conductor IC fabrication [9] using finished silicon wafers. This excludes
the chemicals required for semiconductor grade silicon wafer making
from silica sands or quartz [12e14]. Silica sands are abundant on Mars
[15], but not on the Moon even though alpha-quartz is detected there
[16]. We have listed selected IC fabrication and processing materials in
Tables 16.2 and 16.3 and indicated their availability or possibility of

Table 16.1 Different steps and processes in semiconductor IC fabrication.

IC fabrication-major steps Minor processes
Subprocesses and
techniques

1. Wafer creation and
shaping

Silica sand to MG-grade
Si/SC-grade poly Si
/crystal growth /Si
wafer /shaping and
cutting

Reduction, purification,
melt growth

2. Deposition Oxidation and thermal
treatments, doping

Thermal oxidation
PCD, CVD, ECD,
MBE, ALD
Ion implantation
Diffusion

3. Removal Etching processes Chemical (wet) and
plasma etching (dry)

4. Patterning Photolithography
Planarization

Photoresists, masks
E-beam and X-ray
lithography

5. Electrical connections Metallization and electrical
interconnects

Modification of
dielectric properties

6. Testing and packaging Wafer circuit and IC testing
Back end processes

ALD, atomic layer deposition; CVD, chemical vapor deposition; ECD, electrochemical deposition;
IC, integrated circuit; MBE, molecular beam epitaxy; MG, metallurgical grade; PCD, photochemical
deposition; SC, semiconductor.
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Table 16.2 Some important IC fabrication materials: availability on the Moon and
Mars.
Material Availability on Moon Availability on Mars

1. Aluminum Abundant Abundant
2. Chromium Abundant Abundant
3. Silicon Abundant Abundant
4. Titanium Abundant Present
5. Molybdenum Present Present
6. Tantalum Present Not detected
7. Tungsten Present Present

IC, integrated circuit.

Table 16.3 Some IC fabrication process materials and their production feasibility on
the Moon and Mars.

Type or function
Materials/chemical
compounds

Ingredients
required for
production

Production
on Moon

Production
on Mars

1. Wet etchants Phosphoric, nitric,
sulfuric,
hydrofluoric
and acetic acids,
water, KOH,
and EDP

Phosphorus,
nitrogen,
fluorine,
potassium,
sulfur, etc.

Possible Possible

2. Plasma etchants Cl2, CCl4, BCl3,
NF3, CF4, SF6

Brine, barium,
chlorine,
CO2, O2, S,
F, methane,
etc.

Possible Possible

3. Oxidation O2, water vapor,
N2, Ar, He

Possible Possible

4. Mask materials Chromium. Fused
silica,
borosilicate,
quartz

Silicon, boron,
O2, etc.

Possible Possible

5. Photoresist
materials

TMAH, NMP Possible Possible

6. Pattern transfer
materials

HMDS Possible Possible

7. Lithography
materials

HMDS, silicon
carbide,
tungsten,
tantalum

Silicon, carbon,
etc.

Possible Possible

(Continued)
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production on the Moon and Mars. The latter is known from the in situ re-
sources found from the investigations of several space missions to these plan-
etary bodies [17e22]. If any material or its ingredients for production are not
available in these planetary objects, it has to be supplied from Earth. The
Mars rover mission [23] can bring more information about the material re-
sources and possible life in this planet.

16.4 The status of automated semiconductor
integrated circuit manufacturing

The history of automatic control of engineering processes is more than
300 years old [24]. Digital computers have been used for automatic control
processes since the 1950s [25]. This included spacecraft or space mission con-
trol systems in which manned and robotic missions to the Moon such as the
Apollo and the Lunokhods [26] between the years 1969 and 1976 needs spe-
cial mention. Since the 1970s, microprocessors (now nanoprocessors) and
microcontrollers have become an indispensable part of automatic (robotic)
control of technological systems. The progress of automation in semicon-
ductor IC manufacturing as known from published literature is summarized
in Table 16.4.

Table 16.3 Some IC fabrication process materials and their production feasibility on
the Moon and Mars.dcont'd

Type or function
Materials/chemical
compounds

Ingredients
required for
production

Production
on Moon

Production
on Mars

8. Diffusion
materials

P2O5, PH3 Phosphorous,
calcium, etc.

Possible Possible

9. Metal connects Aluminum and its
alloys, platinum,
silver

Possible Possible

10. Dielectric
materials

SiO2, SiN,
hafnium oxide

Silicon,
nitrogen,
hafnium, etc.

Possible Possible

11. Dopants Boron, arsenic,
and
phosphorous

Possible Possible

EDP, ethylenediamine pyrocatechol; HMDS, hexamethyldisilazane; IC, integrated circuit; KOH,
potassium hydroxide; NMP, N-methyl-2-pyrrolidone; TMAH, tetramethylammonium hydroxide.
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16.5 Additional technological requirements for
establishing automated integrated circuit
manufacturing units on the Moon and Mars

Building a lunar/Martian base [41,42] provided with basic facilities such
as availability of water, oxygen, uninterrupted electric power, and space
communication systems and protection of human and technological systems
from the local environmental hazards is the first prerequisite before establish-
ing semiconductor manufacturing units on the Moon or Mars. The environ-
mental hazards on the Moon include (1) high energy radiation from the Sun
and galactic cosmic rays and (2) micrometeoroids. The environmental haz-
ards onMars include both space radiation and dust storms. Fig. 16.4 is a block
diagram of a conceptualized automated system for Mars resource utilization
[43]. One advantage of the Moon is the lack of atmosphere and prevailing
high vacuum conditions, which is suitable for establishing clean rooms and
thin-film technology associated with semiconductor IC manufacturing.

Mining and chemical engineering units need to be established in suitable
locations on the Moon and Mars for the exploration and production of
materials required for semiconductor IC manufacturing. Reusable space
vehicles [44] are required for transport of relevant equipment/engineering
units/materials from the Earth to the Moon or Mars. Apart from this, trans-
port vehicles including rovers are required for material transport from one
location of the Moon or Mars to another.

Table 16.4 Present status of Automation in Semiconductor IC manufacturing.
Area of automation References

1. Review of automation techniques in IC manufacturing [27e29]
2. Robotics and AI in automation of IC manufacturing [30,31]
3. 3D printing in SC

IC manufacturing
[32]

4. CMOS process Automation [33]
5. Photolithography automation [34]
6. Design or modeling of automation

In IC manufacturing
[35]

7. Automation of analog
IC manufacturing

[36]

8. Automation of 200 and 300 nm
Wafer fabs

[37e39]

9. Issues of Automation in SC manufacturing [40]

CMOS, complementary metaleoxideesemiconductor; IC, integrated circuit; SC, semiconductor.
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16.6 Possibilities of development of bio-inspired
semiconductor technology for space applications

After the transition from micro- to nanoelectronics, we have now
entered the phase of nano- (<10 nm) semiconductor electronics. There
are some scientific and technical issues for further progress in this direction.
Bio-inspired technologies will be employed for several novel engineering
applications. The relative advantages/disadvantages of the current silicon-
based computer processors and bioprocessors are shown in Table 16.5.

It would be wise to make use of the emerging hybrid technology to
develop bio-inspired semiconductor (preferably silicon based) devices, cir-
cuits, and systems for space applications. The main advantages of the current
silicon electronics can be retained in the new technology. The following are
some suggested studies to enable the development of bio-inspired semicon-
ductor technology for space applications. Self-assembly and self-correction
are attributes of biological species. Fig. 16.5 shows a comparison of scanning
electron microscope (SEM) micrographs of a biological specimen and a bio-
inspired silica nanostructure [45].

Self-assembly methods for semiconductor IC fabrication were suggested
long ago [46]. There are proposals for incorporating silicon devices and cir-
cuits onto plastic substrates making room for quasi-flexible electronics [47].
Self-assembly growth of silicon carbide (SiC) nanowires on crystalline SiC

Figure 16.4 Schematic diagram of an automated system for atmospheric, water, and
soil processing on Mars. Reprinted with permission from S.O. Starr, A.C. Muscatello,
Mars in situ resource utilization: a review, Planet. Space Sci. 182 (March 2020) Article No.
104824, copyright Elsevier March 2020.
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Table 16.5 Comparison of the relative advantages and limitations of silicon
electronics and bio-inspired technologies for space applications.

Silicon electronics
advantages

Silicon electronics
limitations

Bio-inspired
technology
advantages

Bio-inspired
technology
limitations

1. Proven
technology

2. Performance
stability

3. Material
availability

4. Known space
compatibility

1. Quantum
limitations

2. von Neumann
architecture

3. Power
consumption
limits

4. Deep learning
limitations

1. Non-von
Neumann
architecture

2. Flexible devices
3. Self-assembly

and self-
correction
possibilities

4. Low power
consumption

5. New
applications

1. Technology not
proven

2. Space
compatibility
issues

3. Performance
stability issues

4. Material
availability issues

Figure 16.5 Scanning electron micrographs of (A) a biological specimenddiatom frus-
tule, and (B) bio-inspired nanoscale silica. (B) Reprinted with permission from L.H. Shu, K.
Ueda, I. Chiu, H. Cheong, Biologically inspired design, CIRP Ann. Manuf. Technol. 60 (2011)
673e693, original source: P. Lopez, J. Desclés, A. Allen, C. Bowler, Prospects in diatom
research, Curr. Opin. Biotechnol. 16 (2) (2005) 180e186, copyright Elsevier 2005.
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substrates is also studied whose underlying principle is shown in Fig. 16.6
[48]. Adopting methods of self-engineering to create self-correcting elec-
tronic circuits/systems are discussed in recent literature, and a typical system
is shown in Fig. 16.7 [49].

Graphene has many extra ordinary physical and chemical properties such
as high electron mobility and electrochemical stability. This makes it suitable
to incorporate into silicon-based complementary metaleoxidee
semiconductor (CMOS) devices with high-frequency and photonic applica-
tions. Graphene will not replace silicon entirely because of its poor on/off
current ratio and zero bandgap characteristics. But graphene will definitely
improve the performance of silicon devices/systems for use in high-speed
electronics [50]. A bio-inspired method to attach graphene to silicon wafers
for electronic devices is recently developed [51]. Furthermore, graphene-
based ambipolar electronic devices and different types of sensors could be
easily integrated onto silicon chips. An infrared detector in which graphene
nanoribbons are integrated onto a Si chip is also reported [52]. Different
forms of silica such as biomimetic and bio-inspired silica [53] and silicene
are found to have applications in electronics [54].

Figure 16.6 Schematic diagram of self-assembly growth of silicon carbide (SiC) nano-
wires from Si thin films deposited on crystalline SiC wafers and grown by a supply of
gaseous SiO and solid C. Reprinted with permission from B.G. Kim et al., Self-assembly
growth of high-quality SiC nanowires from Si thin films deposited on single crystalline
SiC wafers, Ceram. Int. 42 (16) (December 2016) 18955e18959, copyright Elsevier
December 2016.
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There are several earlier reports of the incorporation of nonvolatile
memory devices to CMOS-embedded systems [55]. But in a recent study,
the possibility of including nonvolatile memory devices (resistive memory,
memristors, or magnetic memory) in CMOS circuits is discussed, which
has bio-inspired neuromorphic computing and AI applications [56].
Research on bio-inspired semiconductor IC manufacturing has been
ongoing for the past 20 years [57,58]. The US National Science Foundation
recently announced a detailed plan for bio-inspired manufacturing [59] in
different engineering fields including semiconductor manufacturing.
Biology and semiconductor technology is nowmerging to form a new disci-
pline called Semiconductor Synthetic Biology (SemiSynBio), which is ex-
pected to contribute to alternate methods for the fabrication of nanoscale
semiconductor IC chips [60].

16.7 Discussion

Progress in automation in different branches of engineering and asso-
ciated industrial production will help us to establish electronic IC
manufacturing units on the Moon and Mars. For example, automation in
the mining [61] and chemical industries [62] is important for utilizing
in situ material resources on these planetary bodies. There are studies that
suggest that 3D printing technology will help to build planetary bases [63]
and even manufacture launch vehicles [64] and other space robots [65].

Figure 16.7 Block diagram of a self-correcting electronic system. Reprinted with
permission from R. McWilliam, S. Khan, M. Farnsworth, C. Bell, Zero-maintenance of
electronic systems: perspectives, challenges, and opportunities, Microelectron. Reliab. 85
(June 2018) 122e139, copyright Elsevier June 2018.
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Space manufacturing (additive manufacturing) is an emerging area of interest
to multiple space agencies [66] (see Fig. 16.8). For example, on the interna-
tional space station, manufacturing of some electronic components is being
attempted [67].

The special purpose digital computers used for the manned Apollo mis-
sions to the Moon and for controlling robotic lunar rovers such as the Luno-
khods had only capabilities (computing performance and speed) comparable
with that of first-generation microprocessors such as the Intel 8085 [68,69].
Recent NASA lunar rover technology is based on nanoprocessors in
embedded systems such as Q7 developed by Xiphon technologies [70,71].
The latest 5-nm semiconductor fab by leading electronic manufacturing
companies (Samsung and Taiwan Semiconductor Corporation) is almost
automatic because of the need for ultraclean room operation [27] to avoid
human contamination. Hence, it may be required to build nano-IC fabrica-
tion units on the Moon or Mars involving leading semiconductor companies
to keep pace with the recent technological advancements in this field.

Developing bio-inspired semiconductor technology is relevant for future
space exploration projects. Self-correcting electronic circuits and systems
will be useful for robotic space missions. Graphene-incorporated silicon de-
vices or chips are suitable for high-speed applications. CMOS-embedded

Figure 16.8 NASA Astronaut Barry (Butch) Wilmore holds a ratchet wrench produced in
2014 with the 3D printer aboard the International Space Station using a design file
transmitted from the ground. Image Credit: NASA (public domain as work product of
U.S. Government).
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systems added with nonvolatile memory devices such as memristors can
enable their capability for big data analysis and deep learning in future. Bio-
inspired semiconductor IC fabrication techniques can be considered for
future Moon- or Mars-related space manufacturing programs.

There are different proposals for the robotic exploration of the solar sys-
tem [72,73] Biocomputers are promising tools for the future [74e76]. How-
ever, electronic IC manufacturing in space is still key to these intelligent
machines in the current technological context. Integration of several scien-
tific and technological processes is vital to implement this project. Anticipa-
tion of modifications in space of technological or scientific processes on
Earth is one problem worth mentioning in this context [77]. Realizing sci-
entific or technological processes on the Moon or Mars using local resources
will definitely be a great challenge even if these processes are proven in Earth
conditions. A dedicated series of space missions to these planetary objects
may become necessary to overcome these challenges.

16.8 Conclusions

In this chapter, we have examined the possibilities of establishing auto-
mated semiconductor IC fabrication units on the Moon and Mars and can
draw several conclusions. The majority of the IC fabrication materials or its
ingredients required for in situ production is available on the Moon or
Mars. Some materials will need to be transported from Earth. The progress
of automation of semiconductor fabrication on Earth may prove useful
for electronic manufacturing off-world or in space. Development of bio-
inspired semiconductor technologywill be useful for future space exploration
programs since it has some advantages over conventional silicon electronics.
Building a lunar or Martian base with basic facilities (availability of oxygen,
water, electric power, etc.) through a dedicated series of space missions to
these planetary objects is a prerequisite to realize such challenging projects.
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CHAPTER SEVENTEEN

Smart deployable space
structures inspired by nature
Thomas Sinn1, Massimiliano Vasile2
1DcubeD (Deployables Cubed GmbH), Germering, Germany
2Department of Mechanical and Aerospace Engineering, University of Strathclyde, Glasgow, United
Kingdom

17.1 Introduction

There are mainly two factors that drive the costs of spacecraft. The first
one is the launch costs that are highly dependent on the size and the mass of
the object being launched into space [1]. The second factor is the complexity
of the spacecraft and the number of systems that are needed to fulfill the
given mission tasks. This chapter aims to give a state-of-the-art overview;
it is separated into deployables, which are a means to overcome the launcher
payload restrictions, and smart structures, that can decrease the complexity of
a system or enable more versatile spacecraft. This chapter shows the technol-
ogies and materials available today to build large space structures and smart
structures. Closing the chapter, we present a synopsis showing that none of
the existing technologies completely fulfills the goal of obtaining a deploy-
able smart space structure.

17.1.1 Deployable structures
The size of spacecraft nowadays is mainly governed by launch vehicle
payload dimensions. The use of deployable structures became necessary
due to their low stowage and high in-orbit volume. The principle of
deployable structures is that they can be stored in a volume of a fraction
of their full size, but once they arrive at their final destination, they will
be expanded to larger dimensions. Another option to create large structures
in space would be in-orbit assembly like the International Space Station
(ISS). This method requires a substantial amount of subsequent rocket
launches and will therefore not be discussed further.

Fig. 17.1 shows the ISS with its separately launched modules assembled
in orbit and deployable structures like the solar arrays. Almost all of today’s
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spacecraft and satellites are using some sort of deployable structures, from the
solar panels of the ISS down to simple dipole antennas for CubeSats.
Deployable structures are needed for applications such as reflectors, an-
tennas, concentrators, solar panels, truss structures, solar and deorbit sails,
sun shields, decelerators, and space stations. The following sections will
give an overview on the need of deployable structures followed by an over-
view on existing technologies making these deployable structures possible.

Adaptive materials are a specific field of materials that are capable of
changing their properties as a response to external stimuli. These external
stimuli can be an applied temperature change, an electric field alteration,
or by change of light. A common misconception is the existence of smart
materials; there are only smart structures. A smart structure is a system that
responds to a given stimulus with a desired response. To make the most
use out of an adaptive material, it needs to be integrated in an optimized sys-
tem, which is capable of obtaining the desired property change.

A smart system usually consists of an actuator, a sensor, and a controller.
The adaptive material can act as an actuator and as a sensor; an example of
this is piezoelectricity, which can act both ways, as a displacement actuator
with an applied electric field or as a position or acceleration sensor that gives
a specific electric field back depending on the deformation. Unfortunately,
most of the adaptive materials available today require a constantly applied
actuation force to obtain the desired shape, which results in high power

Figure 17.1 Image of the International Space Station captured by a departing space
shuttle. Courtesy: NASA.
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consumption. Other devices are bistable, using a short actuation impulse to
switch between two different stable states. It is especially important that a
space structure can stay in the deformed shape without the necessity of
constantly driven actuation due to onboard power constraints.

17.1.2 Shape-changing structures
Currently, a number of space-based structures are serving just one specific
purpose in space systems. By developing a structure that can adapt itself to
various mission stages, the flexibility of the entire mission can be enhanced.
With applying shape-changing structures, the spacecraft can easily adjust it-
self to the space environment, and expensive on-ground simulation to verify
the accuracy of the structure when subjected to the harsh space environment
will become no longer necessary. Such a smart structural system is
commonly a sum of various different systems including sensors, controllers,
and actuators. In the following, the most common adaptive materials are
outlined, which can be used in conjunction with a controller to form a
morphing structure.

17.2 Bio-inspired smart structures

In the previous section, the need for a completely new technology to
enable deployable smart structures was outlined. In this section, inspiration is
taken from nature with its plants capable of fast movement to create such a
deployable smart structure. The original work starts with the development
of a scalable mechanical analog capable of deployment and shape change.
The main idea behind the mechanical analog is that the structure consists
of colonies with hundreds of hyperelastic inflatable cells, which can vary
their size by shifting fluid in between them. The main part of this chapter
focuses on the description of a developed multibody code capable of simu-
lating the deployment by inflation as well as actuation through fluid-shifting
cells and the influence of external forces. The multibody code outlined in
this chapter is then used for example applications in the next section.

17.2.1 Inspired by nature
Over billions of years, nature has optimized its organisms to survive the harsh
conditions on Earth. This evolution did not necessarily mean the survival of
the strongest or biggest but more the survival of the best adapted. To take
advantage of these billion-year developments, more and more systems in
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our daily life are inspired by nature. A popular example is the lotus effect
property on plant leaves, which is used in current paints to repel dirt from
surfaces. In the following sections, inspiration is taken from nature to build
a deployable shape-changing structure.

17.2.1.1 Nature’s deployables
Biology might be redefined as the natural history of deploying structures [2].
Interesting examples include deployable membranes such as the wings of in-
sects [3] that can be unfolded like origami once expanded and the deploy-
ment of tree leaves or flower pedals [4] (see Fig. 17.2 for examples). Leaves
can be deployed in a short timeframe and might be folded and stored again
in a diurnal rhythm [5].

The most interesting case with respect to high volume increase is deploy-
ment via inflation. A good example here is the deployment of dragonfly
wings [5]. The dragonfly deploys its wings in a short amount of time,
increasing the wing area 40-fold. The dragonfly wing consists of thin mem-
branes connected by branching veins. By pumping air in the small channels,
the dragonfly can unfold its wings during its metamorphosis from the larva
state. After the deployment process, the dragonfly rigidizes its wings with the
help of the sun eliminating the need for the channels to stay inflated; the
wings are now a stable and light structure. Many plants also have the possi-
bility to alter their appearance to adapt to the ever-changing environment.
Such a plant-derived development is known as tropism and is explained
further in the following section on nature’s shape-shifters.

17.2.1.2 Nature’s shape-shifters
Tropism is the Greek word for “turning,” and it describes the biological
movement of a plant in reaction to an external stimulus, e.g., a light in a spe-
cific wavelength [6]. According to its stimuli, tropism can be divided into
different types. Existing tropism includes chemotropism that is the move-
ment or growth in response to chemicals, geotropism or gravitropism in
response to gravity, hydrotropism to water, sonotropism to sound, thermot-
ropism to temperature, electropism to electric fields, thigmotropism to
touch or contact, heliotropism to sunlight, and phototropism to lights or
spectral colors of light [6,7].

Certain flowers have the capability to follow the path of the Sun in the
sky during a day with their flower head or leaves. The phenomenon was
discovered and named “heliotropism” by the ancient Greeks. However,
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Figure 17.2 (A) The unfolding process of the hind wings of Camponotus japonicus
captured by a high-speed camera. (B) Mussel shell, paper model showing deployment
process. (C) Pineapple folding, paper model. (D) Beech leaf in different stages of deploy-
ment. Credits: (A) reproduced from: J. Sun, W. Mu, M. Ling, B. Bhushan, J. Tong, The hy-
draulic mechanism in the hind wing veins of Cybister japonicus Sharp (order: Coleoptera),
Beilstein J. Nanotechnol. 7 (June 2016) 904e913, Creative Commons 4.0 International (CC
BY 4.0); (B)e(D) reproduced with permission from: P. Gruber, S. H€auplik B. Imhof, K.
€Ozdemir, R. Waclavicek, M.A. Perino, Deployable structures for a human lunar base, Acta
Astronaut. 61 (1e6) (JuneeAugust 2007) 484e495, copyright Elsevier June 2007.
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according to Aristotle’s logic of plants being passive and immobile organ-
isms, it was assumed to be a passive effect [6,8]. Following growth experi-
ments in the 19th century, the observation was made that some sort of
growth processes in the plants stem were involved. Thus, the phenomena
were named heliotropism in 1832 for the first time, but renamed to photot-
ropism in 1892. The reason for the name change from heliotropism, mean-
ing turned by the sun, to phototropism, meaning deformation caused by
light influences, was the result of lab experiments on algae that
showed strong dependence on light brightness and direction, not purely
on sunlight [8].

The research undertaken here was inspired by the movement of sun-
flower heads from east to west following the path of the sun during a day
[9]. In nature, heliotropism and phototropism can be used interchangeably
because the sun is the only source of light. This principle can be observed by
plants in the morning (Fig. 17.3); the eastward orientation of flower heads
provides numerous advantages: a strong visual signal and a temperature
reward to pollinators, increased evaporation of dew, and reduced exposure
to solar irradiance at midday, thereby preventing damage from severe heat
and harmful ultraviolet light [10].

Figure 17.3 The eastward orientation of sunflowers serves various functions.
Reproduced with permission from: C.J. van der Kooi, Plant biology: flower orientation,
temperature regulation and pollinator attraction, Curr. Biol. 26 (21) (November 2016)
R1143eR1145, copyright Elsevier (November 2016).
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Cells that give the plant the ability for fast movements are called motor
cells and act like hinges or joints (see Fig. 17.4); movements are driven by the
shrinking and swelling of opposing cell regions of the pulvinus (motor or-
gan) [11]. The pulvinus is a jointlike thickening at the base of a plant or
leaf facilitating growth-independent movement. These motor cells are
capable of adjusting their intermembrane potassium ions (Kþ) to change
their internal turgor pressure and thereby their shape. The accumulation
of intermembrane potassium ions via channels in the plasma membrane
enable the osmotic uptake of water into the cell, which lead to increasing
cell volume and eventually the cell becomes turgid. Alternatively, potassium
channels can also release Kþ away from the cell membrane resulting in water
release and therefore a shrinkage of the cell [12].

The change in turgor pressure happens gradually and takes from a few
minutes up to hours. Carnivorous plants such as the Venus flytrap, which
can trigger the closing of its leaves to trap an insect in a fraction of a second,
are an example of faster actuation. Once triggered, motor cells in the joint
line of the leaf halves become freely permeable to Kþ forcing water out of
the cells resulting in an immediate collapse of the cells; leaves can close
quickly, trapping insects. With this mechanism, the flower has the ability
for comparably fast movement of its head without the need of growing addi-
tional cells. This simple pressure change principle seems perfect for the appli-
cation on deployable space structures.

17.3 Mechanical analogs

The following sections follow the same outline as the inspiration from
nature. First a mechanical analog of the deploying structure will be presented
followed by a description of how to enable shape change within this struc-
ture. The mechanical analog section finishes with an overview on further
applications of larger arrays of these shape changing structures.

17.3.1 Deployable cells
The inflatable wings of the dragonfly are used as an inspiration for devel-
oping a deployable structure. The dragonfly wings consist of channels that
expand their volume by inflation forming a stable beam element [5]. The
mechanism is taken on by using cells, which can expand with inflation
and can expand its volume to over 300%e900% of its initial stored volume.

Smart deployable space structures inspired by nature 483



Figure 17.4 Identification of Samanea slow-type anion channels and Shaker Kþ chan-
nels: (A) Samanea saman shows nyctinastic leaf movement, with leaves completely
open during the day (ZT8, upper) and completely folded at night (ZT14, lower). (B)
S. saman leaves in open and closed states. Secondary pulvini are located in the base
of compound leaves, and tertiary pulvini are located in the base of leaflets. (C) Enlarged
image of tertiary pulvini of S. saman. Note that adaxial side is extensor and abaxial side
is flexor in tertiary pulvini of S. saman. (D) Unrooted neighbor-joining tree of SsSLAHs
(shown in bold) and A. thaliana slow-type anion channels. (E) Unrooted neighbor-
joining tree of SPORKs, SPICKs (shown in bold), and A. thaliana Shaker Kþ channels.
Note that the amino acid sequence of SPORK1 has a high similarity to SPORK2.
Reproduced with permission from: T. Oikawa, Y. Ishimaru, S. Munemasa, Y. Takeuchi, K.
Washiyama, S. Hamamoto, N. Yoshikawa, Y. Mutara, N. Uozumi, M. Ueda, Ion channels
regulate nyctinastic leaf opening in Samanea saman, Curr. Biol. 28 (14) (July 2018)
2230e2238, copyright Elsevier (July 2018).



A material class that offers such a high elastic range are hyperelastic materials
such as silicone rubbers. The cells can be inflated either by using trapped air
that expands once the environmental pressure changes or by releasing stored
gas like a cold gas generator. The gas can then be shifted between neigh-
boring cells until every cell is inflated.

17.3.2 Shape changing structure
The motor cells of plants on the other hand can be taken as blueprints to
develop a shape-changing mechanical structure [5,9]. For the mechanical
analog, a structure can be created consisting of hundreds to thousands of
cells. The smallest reoccurring element in this design is the single mechanical
cell, which is capable of changing its volume. The shape of the overall struc-
ture can be altered by coordinated volume changes of single mechanical
cells, which are incorporated in a cell array of multiple hundreds or thou-
sands of these cells. This volume change can be seen in Fig. 17.5, and it is
undertaken by a differential pressure increase due to air molecule increase.

Two methods of this pressure increase have been evaluated. One option
would be the use of micropumps in between two cells that could transfer air
molecules between them. This will allow one cell to always be inflated while
others are deflated. Another option is the use of valves between all the cells
with a central pressure source. The system of valves would transfer the air
mass to the cell, which is needed to be actuated. Each method has its pros
and cons, and the use of one over the other needs to be evaluated for every
future proposed application or mission separately. The following sections
should give the first idea how far this design can be taken using biological
inspired structures consisting of unit cells that all act in a specific way to
create a global structure with example rigid skeleton cells as well as flexible
movable muscle cells. As a follow-up, a concept is elaborated using origami
math and a flat smart sheet to form any shape imaginable.

Figure 17.5 Left: predeformed membrane. Right: shape change of flat membrane
introduced by volume change of neighboring cells. Source: Authors.
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17.3.3 Organism’s architecture-inspired structure
The aforementioned design can be taken a step further into a bio-inspired
structure by creating a system consisting of cells that have different properties
and functions, thereby producing an analog to a living organism. Each cell
can be optimized for one specific application decreasing the overall mass of
the system. Also, a combination of highly specialized cells and common flex-
ible cells is possible; the best approach depends highly on the actual applica-
tion of the system.

The possibility of rigid elements in the system gives the structure a pre-
defined shape to overcome gravity or other perturbations. The rigid ele-
ments can form a skeleton that can act as a backbone or supporting
structure. The options of the deployment of these elements are either to
launch them in their rigid configuration or to inflate the cells in space and
then rigidize them once deployed. The selection of the appropriate rigidiza-
tion technique is highly dependent on the chosen application; the first ques-
tion that needs to be answered is if the rigidization has to be just once or if it
should be reversible. For the irreversible method, either the UV curing
composite or the strain hardening is suggested. Both systems are light and
reliable and can be stored in a much smaller space. For the reversible appli-
cation, the thermally cured resin rigidization is suggested due to its temper-
ature sensitivity. The process of rigidization can be reversed by increasing or
decreasing the temperature of the cell material, making it softer and there-
fore deformable or hard and thereby rigid.

The shape-changing cells can be treated as an analog to muscle cells in an
organism. By adding arrays of these flexible or active cells in between the
interlinks of the substructure between the skeleton cells, the structure be-
comes more stable, and the actuation can be better controlled due to the
higher overall stiffness. An example can be seen in Fig. 17.6 of an active joint
with three types of cells: the rigid skeleton cells in red, the passive flexible
cells in white, and the shape-changing cells in green.

17.3.4 Self-folding origami structure
By adding thousands of these smart deformable cells together to a large array,
a smart sheet can be created. This smart sheet can create crease patterns and
fold lines by itself just by actuating neighboring cells. By combining the
capability of the developed system with the art of origami, almost any shape
regardless of its complexity can be created from a simple smart sheet
[13e17].

486 Thomas Sinn and Massimiliano Vasile



Origami is a traditional Japanese art of paper folding originating in the 17th
century AD [13e15,18]. Origami is an art form to create more or less com-
plex sculptures or shapes via folding from one single sheet of paper without
the use of adhesive or irreversible cutting. With four simple rules, Lang devel-
oped a mathematical code, which is capable of creating folding pattern for any
complex shape. Here are four main laws behind origami math [18,19]:
• Areas joined by a fold line can be color-coded in two colors and fields

with the same color will never be adjacent.
• At any interior vertex, the number of mountain-to-valley folds must

always differ by 2.
• Alternate angles around a vertex sum up to a straight line.
• However, sheets are stacked during folding, and a sheet can never pene-

trate a fold.
This aspect of origami makes it especially interesting for use within the

smart structure approach described in this chapter. The free-flying smart
sheet of paper would have the capability to transform itself into any desired
shape [14e17]. This can be used to create crease patterns, which can act as
the blueprint to instruct the developed adaptive sheet to deform its flat shape
into more complex application-dependent shapes.

The shifting of molecules within the structure leads to a volume decrease
of the bottom cell and a volume increase of the top cell, resulting in a buck-
ling of the sheet. Coordinated actuation can be used to control this curvature
to form the desired deformation or fold line. Figs. 17.7e17.10 illustrate the

Figure 17.6 Schematic of cellular principle: red are rigid cells, green are actuator cells,
and white are flexible cells (cells are hidden in right image for better visualization).
Source: Authors.
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Figure 17.7 Curved crease folding: (A) Crease pattern, (B) Model, deployed, and (C)
Model, folded. Hill folds are shown as solid lines, and valley folds are shown as dotted
lines. Reproduced with permission from: M. Arya, N. Lee, S. Pellegrino, Crease-free biaxial
packaging of thick membranes with slipping folds, Int. J. Sol. Struc. 108 (March 2017)
24e39, copyright Elsevier March 2017.

Figure 17.8 Examples of valid configurations for origami structures with smooth folds.
These examples are based on a kinematic simulation. The model utilized extends
beyond kinematics by considering mechanical equilibrium and material constitutive
behavior and allows for a thorough physics-based analysis of origami structures with
smooth folds. Reproduced with permission from: E.A. Peraza Hernandez, D.J. Hartl, E.
Akleman, D.C. Lagoudas, Modeling and analysis of origami structures with smooth folds,
Comput. Aided Des. 78 (September 2016) 93e106, copyright Elsevier September 2016.
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exceptional potential and utility of applications of origami to produce struc-
tures of relevance for space exploration and possibly habitats for longer-term
surface dwellings [4,20,21].

To achieve a simple 180-degree folding line over the entire sheet, cells in
parallel lines need to be actuated. Fig. 17.11 shows the 2D static plot of the
deformed two cell-thick array creating a 180-degree fold; each cell is repre-
sented by a blue dot. It can be seen that the actuation occurs from the inside
line to the outside line of cells with increase of volume of the outer cells.
With a given actuation capability of 20% of its original length, a full 180-
degree fold will require 16 cells.

Figure 17.9 The simulation of the folding/deployment process is carried out by mean
of a custom-written finite-element code able to perform a geometrically nonlinear large
displacement analysis. Hexagonal structure: (A) Side of 1 triangular module and 9
added elements; (B) Side of 2 triangular modules and 21 added elements; (C) Side of
3 triangular modules and 33 added elements; (D) Side of 3 triangular modules and
33 added elements. Reproduced with permission from: L. Magliozzi, A. Micheletti, A. Piz-
zigoni, G. Ruscica, On the design of origami structures with a continuum of equilibrium
shapes, Comp. Part B: Eng. 115 (April 2017) 144e150, copyright Elsevier April 2017.
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Fig. 17.12 shows the relation of achievable fold thickness of a 180-degree
fold in relation to the initial cell diameter and the actuation capability of the
used cell. This graph highly depends on the used material and size of the sys-
tem. The color code in the figure is the height of the achievable 180-degree
fold where black is close to 0 mm and red is 200 mm folding height. The
scalable nature of the developed structure enables the creation of a system
that is applicable from the nanoscale up to large space structures. The
limiting factor today is only the fabrication technology for miniaturized
systems.

The developed smart structure and simulation code has numerous appli-
cations due to the structure’s scalability from atom size self-assembling and
deforming nanomachines up to cells in the range of several hundred meters

Figure 17.10 Folding sequence for an origami structure with control elements placed
as in Fig. 17.9D: from top to bottom, “open,” “intermediate,” and “closed” configurations
(pairs of pictures on the same row depict the same configuration). Reproduced with
permission from: L. Magliozzi, A. Micheletti, A. Pizzigoni, G. Ruscica, On the design of
origami structures with a continuum of equilibrium shapes, Comp. Part B: Eng. 115 (April
2017) 144e150, copyright Elsevier April 2017.
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Figure 17.11 Static 2D plot of actuated cell array forming a 180-degree fold. Source:
Authors.

Figure 17.12 Height of 180-degree folds depending on actuation and initial cell length.
Source: Authors.
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to form very large space structures [21]. These range from applications such
as smart reflectors and concentrators that can change their focal point over
shape shifting solar sails that adjust the area of the sail subjected to the solar
wind to steer the spacecraft to large appendices like beam elements that have
the capability to change their properties to immediately correct for
perturbations.

17.4 Conclusions

The origin of the idea for a smart deployable structure came from the
need of large deformable structures in space, which is also the field of interest
of the authors of this chapter. Nevertheless, this structure and principle can
be replicated at almost every size with the only limiting factor being the
fabrication techniques available today. But with the current trend in minia-
turization, this will not be the case for very much longer. The developed
structure and simulation code enables the creation of a smart “sheet” of cells
that can transform itself in almost every thinkable shape. This technology
might become the next 3D printing because by commanding the structure
to form, for example, a specific part, it is no longer required to bring spare
parts to space or to any other remote location.

A bio-inspired systemwas developed, which facilitates inflation as themost
promising deployment system and overcomes the gaps within available smart
structures to enable a large shape-changing structure. The adaption of the
ability of certain plants of rather fast movements using pressure change in be-
tween cells to a mechanical analog bridges those gaps. The proposed mechan-
ical structure is made up of an array of hyperelastic inflatable cells connected by
valves and pumps to exchange air molecules and thereby changes the internal
pressure and therefore their size. The developedmultibody dynamics code (see
more details inRefs. [21,22]) is computationally inexpensive and is able to run
hour-long orbital simulations also on a personal computer.

With this code, it is possible to simulate very large structures in the
appropriate environment over longer time periods without the need for
expensive fabrication and on-ground testing. This was shown in example
applications such as for a shape-changing solar reflector subjected to gravi-
tation and solar radiation pressure around an asteroid that then optimized
its focal point to deliver energy to the asteroid sublimating laser. In conclu-
sion, it can be said that the developed technology in this chapter might one
day change our daily lives because it might be the step further for program-
mable matter that could be anything that we want it to be.
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