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Preface

It is said very often that humankind should learn from nature. This means that some
sort of technology transfer from biology to engineering has to be established. Now-
adays, terms such as bionics, biomimetics, or bio-inspiration have been introduced
to describe the concepts by which ideas of technology are derived from nature. One
of the most important insights so far is that it is not feasible to try to copy nature.
As many examples have shown, it makes sense to start with a careful analysis and
abstraction of biological processes and structures. The implementation process itself
requires substantial adaptation using common engineering knowledge to guarantee
successful solutions. It is not surprising that in the field of biomimetics/bionics,
principles of evolution or strategies of evolution have gained much attention. The
primary goal often lies in surpassing “Nature” and thus achieving outstanding
results. All these aspects are to a considerable extent taken into account and covered
by the various topics of the contributions in this book. The main aim of this book is
therefore to provide the reader with essential information on how biomimetic/bionic
working principles are identified and also brought to technical implementation in
various engineering disciplines.

Vienna Petra Gruber, Dietmar Bruckner
June 2011 Christian Hellmich, Heinz-Bodo Schmiedmayer

Herbert Stachelberger, Ille C. Gebeshuber
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11.1 Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
11.2 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
11.3 Actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

11.3.1 Stimulation Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
11.3.2 Electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

11.4 Stimulators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
11.5 Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

11.5.1 Modeling/Simulation .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
11.5.2 Control Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

11.6 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
11.6.1 Artificial Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
11.6.2 Natural Sensors in the Peripheral Nervous System . . . . . . . 229
11.6.3 Volitional Biological Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

11.7 Applications for the Lower Limb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
11.7.1 Cycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
11.7.2 Rowing .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
11.7.3 Gait . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

11.8 Applications for the Upper Limb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
11.9 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
References .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244



xii Contents

12 Improving Hearing Performance Using Natural Auditory
Coding Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
Frank Rattay
12.1 The Hair Cell Transforms Mechanical into Neural Signals . . . . . . . . 249
12.2 The Human Ear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
12.3 Place Theory Versus Temporal Theory .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
12.4 Noise-Enhanced Auditory Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
12.5 Auditory Neural Network Sensitivity Can be Tested

with Artificial Neural Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
12.6 Cochlear Implants Versus Natural Hearing . . . . . . . . . . . . . . . . . . . . . . . . . 258
12.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
12.8 Conclusion .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
References .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263



Contributors

Hisham A. Abdel-Aal, Laboratoire de Mécanique et Procédé de Fabrication
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Chapter 1
Biomimetics: Its Technological and Societal
Potential

Herbert Stachelberger, Petra Gruber, and Ille C. Gebeshuber

Abstract This introductory chapter contains a short discussion of the topic of
biomimetics with special emphasis on background and goals together with an
overview of the book. Biomimetics is described as information transfer from biology
to the engineering sciences. Methods and preconditions for this interdisciplinary
scientific subject are mentioned briefly focusing on the educational issues and
the pathway to product development. To provide the reader with a preliminary
information, an overview of the book is given devoted to a brief description of
the remaining chapters which are allocated to three main sections “Material &
Structure”, “Form & Construction”, and “Information & Dynamics”.

The process of evolution on earth during the last approximately 3.4 billion years
resulted in a vast variety of living structures. Most recent findings suggest that
multicellular organisms could have been around for 2.1 billion years [1, 2]. At
any time, organisms were able to adapt dynamically to various environmental
conditions. It is therefore the principal goal of biomimetics to provide an in-depth
understanding of the solutions and strategies having evolved over time and their
possible implementation into technological practice. Very often biomimetics must
reach down to the microscopic and ultimately to the molecular scale. Some of
nature’s best tricks are conceptually simple and easy to rationalize in physical or
engineering terms, but realizing them requires machinery of exquisite delicacy [3].

The routes of technology transfer from biology to the engineering sciences are
normally not too clearly drawn. There is no doubt about the outstanding innovative

H. Stachelberger (�)
Institute of Chemical Engineering and University Service-Center for Transmission Electron
Microscopy, Vienna University of Technology, Getreidemarkt 9/166, 1060 Vienna, Austria
and
TU BIONIK Center of Excellence for Biomimetics, Vienna University of Technology,
Getreidemarkt 9/134, 1060 Vienna, Austria
e-mail: hstachel@mail.zserv.tuwien.ac.at

P. Gruber et al. (eds.) Biomimetics – Materials, Structures and Processes, Biological
and Medical Physics, Biomedical Engineering, DOI 10.1007/978-3-642-11934-7 1,
© Springer-Verlag Berlin Heidelberg 2011

1



2 H. Stachelberger et al.

potential of the biomimetic approach. Yet there is no guarantee that a technical
solution based on biomimetics will be ecofriendly. This has to be proven separately
in any case.

There is a tremendous scope of research topics in the field of biomimetics
(bionics) that – according to Rick [4] – could be roughly assigned to either con-
struction bionics (e.g. materials, prosthetics, and robotics), procedural bionics (e.g.
climate/energy, building, sensors, and kinematics/dynamics), or information bionics
(e.g. neurobionics, evolution bionics, process bionics, and organization bionics).

Biomimetics is therefore an innovation method being applied in a multitude
of technological fields. The realization of biomimetic innovation can be done
either from the technological point of view (problem-oriented) or from the biology
point of view (solution-oriented). These basically different approaches are therefore
called top-down (biomimetics by analogy) or bottom-up (biomimetics by induction)
approaches. They can also be distinguished by their differing time of development
and other requirements.

To some extent biomimetics as an interdisciplinary scientific subject is thought
to contribute to sustainable innovation [5]. Complex systems and patterns arise
out of a multiplicity of relatively simple interactions in a hierarchically structured
world. This phenomenon is called emergence. According to systems theory, it is
necessary to go well beyond the frontiers of classical disciplines, thought patterns,
and organizational structures in order to accomplish sustainable innovation.

Comprehensive knowledge as an asset is one of the most important preconditions
for innovation within knowledgeable societies (Lane 1966 cited by Jursic [6]).
Applied curiosity about everything’s working principles requires a profound pre-
occupation with the technical foundations. Biomimetics is thought to facilitate the
approach to technological developments and to foster scientific basics.

Advanced training in the fields of interdisciplinary research and development
is a challenge that has to be met using novel concepts of teaching and training.
Training is therefore a key to the expansion of biomimetics. It should be included
in the training syllabus of engineers and designers to make them aware of the
potential of the approach. The biological sciences should be made aware of the
commercial applications of their knowledge. In order to introduce innovation
principles into societal practice, there is need for ingenious and well-educated
people and a proactive environment. For the education of highly qualified scientists
and engineers, open access to scientific fields and domains is indispensable.
Interdisciplinary activities in research units such as universities need to be initiated
and supported internally (executive level) and externally (research grants). Close
cooperation is necessary between R&D units and industry and economy in order to
promote inventions. The formation of biomimetics networks currently taking place
in Europe can be seen as the core event in the formation of a dynamic developmental
area [7, 8].

The main aim of this book is to provide the reader with a collection of chapters
that review the actual R&D activities at Vienna University of Technology with
respect to topics in biomimetics. The three main sections “Material & Structure”,
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“Form & Construction”, and “Information & Dynamics” cover a wide range of
topics.

“Material & Structure” contains five chapters. Matovic and Jakšić start this
section with a chapter on “Bionic (Nano)Membranes” [9]. The authors offer a
concise and clear picture of the most important artificial nanomembrane-related
procedures and technologies, including those for fabrication and functionalization,
and present the main properties and potential applications, emphasizing recent
results in the field contributed by the authors. Bionic nanomembranes have a
potential to improve environmental protection, to bring breakthroughs in life
science, to enable the production of clean energy, and to contribute in numerous
other ways to an enrichment of the overall quality of life.

Tribology, the science of friction, adhesion, lubrication, and wear, is the focus of
the next two chapters. Tribology is omnipresent in biology, and various biological
systems have impressive tribological properties. In “Biomimetics in Tribology”
[10], Gebeshuber, Majlis, and Stachelberger investigate a large hitherto unexplored
body of knowledge in biology publications that deals with lubrication and wear, but
that has not before been linked extensively to technology. Best practices presented
comprise materials and structures in organisms as diverse as kelp, banana leafs,
rattan, diatoms, and giraffes.

In “Reptilian Skin as a Biomimetic Analogue for Design of Deterministic Tribo
Surfaces” [11], Abdel-Aal and El Mansori investigate the multiscale structural
features of reptilian skin. Shed skin of a Ball Python is chosen as the bioanalogue.
Snakes have surface features that contribute to excellent wear resistance and tunable
frictional response in demanding environments. The results are translated to enhance
the textural design of cylinder liners in internal combustion engines.

Hellmich, Fritsch, and Dormieux subsequently investigate multiscale homoge-
nization theory, an analysis tool for revealing mechanical design principles in bone
and bone replacement materials [12]. Multiscale poromechanics recently became a
key tool to understand “building plans” inherent to entire material classes. In bone
materials, the elementary component “collagen” induces, right at the nanolevel,
the elastic anisotropy, while water layers between stiff and strong hydroxyapatite
crystals govern the inelastic behavior of the nanocomposite, unless the “collagen
reinforcement” breaks. Mimicking this design principle may hold great potential
for novel biomedical materials and for other engineering problems requiring strong
and light materials.

In the final chapter in the section on materials and structure, Stampfl, Pettermann,
and Liska report on “Bio-inspired cellular structures: Additive manufacturing and
mechanical properties” [13]. Many biological materials (wood, bone, etc.) are
based on cellular architecture. This design approach allows nature to fabricate
materials that are light, but still stiff and strong. Using finite element modeling in
combination with additive manufacturing, it is now possible to study the mechanical
properties of such cellular structures from a theoretical and experimental point
of view. Stampfl, Pettermann, and Liska give an overview of currently available
additive manufacturing technologies, with a focus on lithography-based systems.
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Additionally, numerical methods for the prediction of mechanical properties of
cellular solids with defined architecture are presented.

The section on “Form & Construction” contains three chapters. Gruber intro-
duces the emerging field “Biomimetics in Architecture” [14] and presents various
case studies that exemplify the innovational potential of structures, materials, and
processes in biology for architecture and emphasize the importance of the creation
of visions with the strength to establish innovation for the improvement of the
quality of our built environment.

Kuhlmann deals in her chapter “Biomorphism in Architecture – Speculations
on Growth and Form” [15] with the essence of nature, nature as source for form
and ecology, touches upon cyborgs and the concept of organic unity, and reaches
the conclusion that despite many authors’ claims of producing something radically
new, many of the design strategies applied by the current architectural avant-garde
can be traced back to one of the oldest and most influential ideas in architectural
history: the concept of organicism in its various guises.

In the final chapter of this section, “Fractal Geometry of Architecture – Fractal
Dimension as a Connection Between Fractal Geometry and Architecture” [16],
Lorenz introduces fractal concepts in nature and architecture, and defines them from
mathematical and architectural points of view. The fractal concept of architecture
means that details of different sizes are kept together by a central rule or idea:
avoiding monotony by using variation. The author concludes that this concept is the
reason why Gothic cathedrals and examples of the so-called organic architecture are
so interesting and diversified.

The three chapters in the section “Information & Dynamics” deal with sensors
and actuators, electrostimulation of muscles, and improved strategies for auditory
coding in cochlear implants. Automation, dealing with the utilization of control
systems and information technology to reduce the required human intervention,
mostly in industrial processing systems, but more in all kinds of daily human
activities for instance driving a car in the near future, faces the problem of increasing
complexity through the incorporation of dramatically increasing amounts of details
in sensory systems.

In “Biomimetics in Intelligent Sensor and Actuator Automation Systems” [17],
Bruckner, Dietrich, Zucker, and Müller present an approach to use biomimetics
as the promising method for overcoming this problem. They argue for careful
application of the biomimetics approach in various respects in order to develop a
technically feasible model of the human psyche and hence redeeming one of the big
promises of artificial intelligence from the early days on.

The next chapter is “Technical Rebuilding of Movement Function Using Func-
tional Electrostimulation” by Gföhler [18]. To rebuild lost movement functions,
neuroprostheses based on functional electrical stimulation (FES) artificially activate
skeletal muscles in corresponding sequences, using both residual body functions and
artificial signals for control. Besides the functional gain, FES training also brings
physiological and psychological benefits for spinal-cord-injured subjects. Current
stimulation technology and the main components of FES-based neuroprostheses
including enhanced control systems are presented. Technology and application of
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FES cycling and rowing, both approaches that enable spinal-cord-injured subjects
to participate in mainstream activities and improve their health and fitness by
exercising like able-bodied subjects, are discussed in detail and an overview of
neuroprostheses that aim at restoring movement functions for daily life as walking
or grasping is given.

In the final chapter of this book, “Improving Hearing Performance Utilizing
Natural Auditory Coding Strategies”, Rattay deals with cochlear implants, the most
successfully applied neural prostheses [19]. Cochlear implants have still deficits
in comparison with normal hearing. The author argues that in contrast to nature,
spiking patterns generated artificially in the auditory nerve via actual implants are
based on the frequency information alone, whereas the natural method makes use
of two additional principles. One of these principles, based on stochastic resonance,
is especially spectacular as it uses noisy elements of the sensory system in order to
amplify weak auditory input signals. The design of the next generation of cochlear
implants should therefore include noisy elements in a concept similar to that shown
by nature.

Not surprisingly, the Section “Material & Structure” by comparison is more
extensive than “Form & Construction” and “Information & Dynamics”. This reflects
a big focus on material science and related fields. But nevertheless one can find true
international reputation and competence also in the other areas cited here.
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Chapter 2
Bionic (Nano) Membranes

Jovan Matovic and Zoran Jakšić

Abstract The goal of this chapter is to offer a concise and clear picture of the most
important artificial nanomembrane-related procedures and technologies, including
those for fabrication and functionalization, and to present the main properties and
potential applications, stressing recent results in the field contributed by the authors.
Nanomembranes are probably the most ubiquitous building block in biology and at
the same time one of the most primordial ones. Every living cell, from bacteria
to the cells in human bodies, has nanomembranes acting as interfaces between
the cytoplasm and its surroundings. All metabolic processes proceed through
nanomembranes and involve their active participation. Functionally, the man-made
nanomembrane strives to mimic this most basic biological unit. The existence of
the life itself is a proof that such a fundamental task can be performed. When
designing artificial nanomembranes, the whole wealth of structures and processes
already enabling and supporting life is at our disposal to recreate, tailor, fine-tune,
and utilize them. In some cases, the obstacles are formidable, but then the potential
rewards are stunning.

There is an additional advantage in bionic approach to nanomembranes: we
do not have to use only the limited toolbox of materials and processes found in
nature. Instead we are free to experiment with enhancements not readily met in
natural structures – for instance, we may utilize nanoparticles of isotopes emitting
ionizing radiation, even at lethal doses. We can introduce additional structures
to our bionic nanomembranes, each carrying its own functionality, for instance
nanoparticles or layers with plasmonic properties (e.g., to be used in sensing
applications), target-specific binding agents (to improve selectivity) and carbon-
nanotube support (to enhance mechanical strength). In this way, we are able to
create meta-nanomembranes with properties exceeding the known ones (Jakšić and
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Matovic, Materials 3:165–200, 2010). In this chapter, we present some small steps
toward that goal.

2.1 Artificial Nanomembranes

Artificial nanomembranes are a very recent concept in micro and nanotechnologies
[1, 2]. They may be defined as free-standing (self-supported) planar structures
ranging 5–100 nm in thickness. A thickness of 5 nm corresponds to 15–20 atomic
layers of silicon, which approaches the fundamental limits. Because of their unique
structure, man-made nanomembranes with areas of several cm2 and giant aspect
ratios exceeding 1,000,000 are sufficiently robust to withstand laboratory handling
without any special equipment and with only a modest degree of precaution [1,3,4].
Artificial nanomembranes simultaneously belong to two worlds: to that of the
nanoelectromechanical systems (NEMS) because of their thickness and to that of
the microelectromechanical systems (MEMS) owing to their area. They represent
an artificial counterpart of the living cell membranes that divide the cytoplasm of
the living cell from its environment and at the same time provide communication
and enable their active interaction [3].

The most basic classification of man-made nanomembranes is inorganic and
organic (macromolecular) ones. Early inorganic nanomembranes were in the form
of homogenous (Cr, Pt) metallic films. Their areas were limited to about 1�m2 at
a 6-nm thickness. These simple structures led to the next generation – the metal-
composite nanomembranes. It is well known that composites can be tailored to have
superior mechanical and thermal properties when compared with pure materials [5].

In a novel manufacturing process developed at Vienna University of Technol-
ogy, metallic nanomembranes are modified by incorporating oxide and nitride
nanoparticles within a metallic matrix [3]. The process is based on the standard
MEMS technologies and does not require excessively expensive equipment and
approaches. This technology combines reactive ion sputtering with simultaneous
ion implantation into the substrate [3]. In this manner, nanoparticles are generated
in situ during the deposition process itself. The result is a considerable enhancement
of the mechanical properties enabling the fabrication of nanomembranes with areas
107-fold larger than previously possible (Fig. 2.1).

The second class includes organic (macromolecular) nanomembranes. This class
is considerably greater than the inorganic structures, as there exists a plethora
of organic molecules from which such nanomembranes may be assembled (see
Fig. 2.3). There is also a wider choice of manufacturing processes available for
organic nanomembranes compared with the inorganic ones.

During the 1930s, the Langmuir-Blodgett (LB) process was invented [6, 7]. LB
nanomembranes are highly ordered. Being double-layered, they resemble biological
membranes. Therefore, they were the first bionic membranes ever produced.
Unfortunately, LB nanomembranes are very unstable and until now have found only
niche applications [8].
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Fig. 2.1 Left. SEM image of a metal-composite nanomembrane with lateral dimensions of
1:5 � 3:5mm2. Full thickness of the nanomembrane is only 7 nm. Right A photo illustrating the
mechanical robustness of the metal-composite nanomembranes: the dimensions are identical to
those in the image on the left. Current research in TU Wien – ISAS

More recent production methods include spin coating or thermal deposition of
macromolecules based on thiol or silane compounds onto a substrate. However,
unlike the LB process, these methods do not allow the molecular order in the films to
be controlled; therefore, those films are hardly appropriate for bionic structures [9].

Finally, there is a relatively recently introduced method for film self-assembly
that makes use of the alternating adsorption of oppositely charged macromolecules
(polymers, nanoparticles, and proteins) – the layer-by-layer (LbL) technique [10].
The assembly of alternating layers of oppositely charged long-chained molecules is
a simple process, which closely mimics the natural self-organization in living cells.
It provides the means to form 5–500 nm thick films with monolayers of various
substances growing in a preset sequence on any substrate. These nanomembranes
have lower molecular order than LB films, but they have the advantage of high
strength and easy preparation [11].

The properties of inorganic and organic nanomembranes are fundamentally dif-
ferent, the only common trait being miniscule thickness and large aspect ratio. Inor-
ganic nanomembranes are mechanically robust and stable in harsh environments,
but largely lack functionalization possibilities. However, polymer nanomembranes
provide a variety of functional advantages over inorganic nanomembranes because
they can have a wide range of source materials, tunable surface, and structure
functionalities.

The practical utilization of nanomembranes is still in its infancy; however, some
application fields seem rather promising. Some examples include new generations
of photonic and chemical sensors, fluid separation, and energy conversion. The
function of most of them resembles the biological cell nanomembranes. The essen-
tial step toward wider applications of artificial nanomembranes is the combination
of inorganic and organic materials into a single structure. This may be done by
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applying laminated inorganic and organic layers and by incorporating various
functional groups.

2.2 Biological Nanomembranes

Biological nanomembranes consist of lipid bilayers incorporating proteins and
carbohydrates and typically have a very complex internal structure. The biological
nanomembranes are highly functionally ordered, not simply geometrically ordered,
Fig. 2.2. Science still has a way to go toward full understanding of the structure
and function of the cell membranes, even in the simplest cases. However, the
phenomenological reactions of a cell membrane to stimuli are better known: the
membrane actively alters its permeability to respond to the specific molecule
concentrations inside or outside the cell. It can transport molecules symmetrically
or asymmetrically, passively by diffusion or actively by various “pumps”. The key
to this complex behavior is the membrane functionalization, which appeared at the
very beginning of life itself.
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Fig. 2.2 Simplified representation of a lipid bilayer biological nanomembrane
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2.3 Functionalization of Artificial Nanomembranes Toward
Bionic Structures at ISAS: TU Wien

Bionic or biomimetic science may be defined as the study of biological systems
as models for design and engineering of materials and systems. The model for
the artificial nanomembranes, at least regarding their form and dimensions, are
obviously the biological cell membranes. There is one fundamentally different
trait of the artificial nanomembranes at their current state of development – their
striking lack of complex functionalities. This is in stark contrast with the biological
structures where such functionalities are not only common but also at the core of
their function. This may appear like a very serious drawback of the man-made
structures. However, one has to bear in mind that the research field of the artificial
nanomembranes was conceived very recently, and the main body of literature being
published within the last several years. Imparting complex biomimetic properties
to nanomembranes is even more recent and is literally at its onset. Witnessing
the present accelerating progress toward more complex functional structures, rapid
advances may well be expected in the near future. The current research at the ISAS
of nanomembranes with bionically enhanced functionality is directed exactly toward
this goal [33]. Currently, it is proceeding along two main and seemingly disparate
lines, fuel cell-based energy harvesting and detection of long wavelength infrared
(IR) radiation.

2.3.1 Nanomembrane-Based Bionic Structures
for Energy Harvesting

Stable and continuous energy supply is one of the very foundations of a peaceful
and prosperous society. Considered from the thermodynamical point of view, the
forms of energy currently used can be basically classified into two main groups:
the low quality thermal energy, and the high quality energy like electricity or
mechanical work.

Low quality energy (i.e., heat) is still mostly produced by burning accumulated
fossil fuels. Other alternatives for obtaining thermal energy in large quantities and at
high temperatures still fail from various causes. For instance, solar energy is highly
dispersed (max. 2 kW=m2, rapidly declining at higher latitudes). Also, it is very
difficult and technologically challenging to obtain high amounts of such energy in
industrial plants and to further deliver it. Other energy sources such as biomass are
helpful, but have many drawbacks and definitely do not suffice for the increasing
energy demands of the modern society.

The situation with the production of electric power is even more complex.
Nowadays the basic principles in power production remain unchanged when
compared with those at the beginning of the industrial era. An energy carrier,
typically fossil fuel, is used to generate heat, which is further transferred to a fluid.
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In the next stage, the energy of the heated fluid is converted first to mechanical work
and then to electricity in the plant’s generators. The overall efficiency of this process
is fundamentally limited by the Carnot cycle to 30–50%. Generally, the conversion
of heat into the mechanical work is a low efficiency process. Unused heat is released
into the environment, causing heat pollution, together with the emission of carbon
dioxide and other harmful pollutants. Even a nuclear power plant deviates little from
this scheme, indeed emitting no carbon dioxide, but churlishly leaving the problem
of radioactive waste to the next generations.

Another process to convert chemical energy bound in fuel molecules to electricity
is the electrochemical conversion. Its advantage is that, being an isothermal process,
it is free of the Carnot cycle limitation. Examples of man-made electrochemical
generators are batteries and fuel cells (FC). Although they share many similarities,
FC substantially differ from batteries. They do not internally contain fuel and
continue to convert chemical energy into electric energy (and some heat) as long
as fuel and oxidant are supplied from external sources.

The operation principle of a proton exchange membrane (PEM) fuel cell is
shown in Fig. 2.3. The central part of PEM FCs is a thin membrane, nonconductive
but highly permeable to hydrogen ions (protons). On the anode side, the fuel, in
this case hydrogen gas .H2/, is dissociated to protons and electrons by means of
nanodispersed platinum catalyst. Electrons are collected on the anode side and
made to flow into an external circuit, generating electricity. Simultaneously, protons
migrate through the membrane toward the cathode. On the cathode side, the protons
and electrons recombine with oxygen from the atmosphere, again with the assistance
of the platinum catalyst. The basic reaction chain is given below:

H2 ! 2HC C 2e� .Er D 0V/

O2 C 4HC C 4e� ! 2H2O .Er D 1:23V/

Fig. 2.3 Schematic of
electrochemical reactions in
proton exchange membrane
fuel cell (PEM FC). Among
many types of fuel cells
existing today, the PEM FCs
have the highest specific
energy density and work at a
temperature of about 100 ıC
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The final process of hydrogen oxidation is water. The FC are essentially zero
emission generators. The practical efficiency of the conversion process is still
around 40%, although the theoretical limit is close to 90% [12].

The PEM or proton exchange barrier is the critical part of a PEM fuel cell.
The basic function of the membrane is to enable proton transport, while being
simultaneously impermeable for electrons and gases. Typically, membranes for
the PEM, FC are made up of perfluorocarbon-sulfonic acid (PSA) ionomer. The
best-known material of this class is Nafion (Trademark of DuPont). Nafion has a
unique interpenetrating structure of hydrophobic perfluorocarbon regions (providing
thermal and chemical resistance, mechanical strength, and gas diffusional resis-
tance) combined with hydrophilic regions of water clusters surrounding charged
sulfonic acid groups (which allow selective proton transport), Fig. 2.4. For these
reasons, Nafion, although already introduced in the mid-1960s, is still considered
the benchmark against which most of the new materials are compared [13, 14].

However, Nafion and Nafion-like membranes suffer from several deficiencies
that limit the efficiency of FCs to about 50% of the theoretical limit, but also make
the production of FCs complex and expensive.

Ideally, a linear path between the two electrodes would provide the most efficient
proton transport. However, the proton transport in Nafion polymer follows a random
path, because of spatially disordered pores and the pore-geometry characterized by
broad size distributions. The next and fundamental deficiency of Nafion materials is
the prevalent mechanism of proton transport through the polymer nanochannels via
the “vehicle” mechanism. At the molecular level, proton transport may follow two
principal mechanisms:
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Fig. 2.4 Chemical and physical structure of Nafion. Grey spheres represent the hydrophobic
backbone structure (Teflon) and red are the hydrophilic sulfonated clusters connected by an oxygen
ion to the backbone chain
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(a) “Vehicle” mechanism, i.e., diffusion of protons bound to carriers like
HC.H2O/n ions, which travel along a nanochannel under electro-osmotic drag
force, from the anode to the cathode side. Therefore, the vehicle proton transport
is unavoidably associated with water molecule transport, resulting in water flow
through the membrane [15].

(b) Proton hopping mechanism (Grotthuss transport). In some confined geometries,
water molecules are aligned along a chain (called the “water wire”). If an excess
proton is brought to the chain, it forms a protonic “defect.” This defect moves
by diffusion along the hydrogen bond chain of water molecules by alternately
forming covalent bond with a molecule, which then releases another proton by
splitting its covalent bond. Thus, the proton “hops” from one water molecule
to the next along a quasi one-dimensional water wire [16]. The same effect
may also occur in other liquids with hydrogen bonds. The water molecules
within the water wire are immobile and transport of protons involves only
temporary modification of covalent bonds within the water molecule during
proton hopping [17,18]. Instead of HC .H2O/n molecules, which exist in Nafion
channels, water wires almost entirely conduct HC ions, i.e., protons. Hence, in
the Grotthuss transport, there is no net water flow within the channel, Fig. 2.5.
The path in this case is much closer to a straight line.

Now we can correlate the proton transport of artificial membranes such as Nafion
with the biological nanomembranes. The flow of protons through a biological cell
membrane is as fundamental to the cell metabolism as the flow of water, being
coupled to the energy cycle that fuels the cell metabolism. It is advantageous for
a cell to have separate transport of water (to maintain the internal pressure) and
protons (necessary for cell energetics). The water balance within a cell is maintained

Fig. 2.5 Proton hopping mechanism confined to a one-dimensional water wire, the dominant
proton transport mechanism in biological and bionic structures
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by aquaporin water channels (Nobel Price in Chemistry 2003; [19]). Aquaporins
are proteins with a hole along their middle with somewhat paradoxical behavior:
they allow the flow of water molecules but are impermeable to protons that are
much smaller than water molecules. In contrast, proton nanochannels are highly
selective to protons (i.e., hydrogen ions) but are impermeable to water molecules.
Any significant imbalance in proton or water concentration immediately causes cell
dysfunction or death. Because of that both classes of channels are actively gated by
the cell control mechanisms enabling control of proton concentration and internal
osmotic pressure inside the cytoplasm within narrow margins. These molecular
assemblies were definitely the first proton transport structures designed by nature
and can be found in all organisms. A comprehensive analysis of proton channels is
given by [20].

Ungated proton channel structures also exist in the natural world, although are
less common. The most extensively studied one is gramicidin A (gA). gA is a
small, double helix shaped molecule with hydrophilic body and hydrophobic ends
(Fig. 2.6, left).

Each of the helices contains a water-filled channel, a natural water wire. Grami-
cidin channels have astonishingly high proton conductivity, reaching 2 � 109 HC=s
and thus surpassing any other known ion channel. The primary role of gA in natural
environment is the self-defense weapon of Bacillus brevis. gA can disable the alien
cell ability to maintain proton concentration in the cytoplasm, causing death of the
invader cell.

As an organic molecule gA is relatively stable against weak acids and at
moderately elevated temperatures. Further gA can be readily incorporated into
artificial phospholipid bilayer membranes. These properties of gA already attracted
attention of the industry with respect to proton conductive structures (Hewlett

H+ H+

Fig. 2.6 (Left) gA helix molecule embedded in the biological phospholipids bilayer membrane.
(Right) Bionic proton conductive structure. The artificial lipid-bilayer includes an array of proton
conductive nanochannels, for example gA [21]
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Packard) (Jackson and Jeon 2004). However, the stability and durability of the gA
protein molecule is still insufficient for direct application in FCs at temperatures
around 100 ıC for prolonged periods of time. An idea is therefore to use alternative
mechanisms to build artificial ion channels (Fig. 2.6, right).

Water-filled carbon nanotubes (CNTs) appear also as the candidate for a new
generation of proton conductive structures. In this case, CNTs play the role of
the ion channel within the living cell. CNTs are mechanically robust, chemically
and thermally exceptionally stable, and have an integrated nanochannel. CNTs
normally have hydrophobic walls, which can be made hydrophilic and their channel
filled with a one-dimensional water wire theoretically resembling a gA structure
[22], Fig. 2.7. A similar structure utilizing calixarene molecules with well-defined
channels was also proposed [23].

The general direction in the further development of proton conductive mem-
branes from the stochastic structure of Nafion-like materials toward highly efficient
bionic nanomembranes seems to be marked out. However, the technological difficul-
ties on the way toward practical realizations are tremendous. Many groups around

Fig. 2.7 CNT filled with
water to form proton
conductive water wire. The
proton conductive mechanism
is Grotthuss transport
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the world are engaged in development of bionic proton conductive membranes.
The TU WIEN, ISAS joined that circle through an EU FP7 project MultiPlat,
“Biomimetic Ultrathin Structures as a Multipurpose Platform for Nanotechnology-
Based Products.” As the project is at a relatively early stage, not all details are
currently available for publication.

2.3.2 Nanomembranes as Bionic Detectors of Electromagnetic
Radiation

In the course of evolution, starting practically from the very emergence of life, most
living organisms developed sensitivity to some wavelength range of electromagnetic
radiation. Organisms like plants are able to perceive the direction of the electromag-
netic radiation in the range 0:4–0:7 �m, since it ensures the energy necessary for
their development (heliotropism).

In the case of organisms able for active movements (animals), the receivers
of electromagnetic radiation evolved over time into their sense of vision. The
information obtained through it helps the animals to orient, communicate, find food,
and to escape from enemies.

Anthropocentrically, man called his electromagnetic sense the sense of vision,
and the narrow electromagnetic range from 0.37 to 0:75 �m to which his/her sense
is sensitive became the “visible light.” However, some animals developed senses
for other electromagnetic ranges, which cannot be registered by man’s unaided eye.
The wavelengths of maximum sensitivity of these senses suit the specific needs of
these species, i.e., enable them to obtain the maximum of the information important
for their survival. For instance, the common bee (Apis mellifera) sees radiation from
yellow light to UV-A range (300 nm). Clouds are transparent at a wavelength of
365 nm, which ensures a safe solar navigation to bees and at the same time facilitates
them to find food, since flowers with ultraviolet reflecting pigments clearly stand out
against the background of green leaves. For humans, these flowers are simply white.

Other species developed senses for the IR range. IR radiation carries a significant
portion of the information about our environment. Actually, more than 50% of the
solar radiation (blackbody at 6,000 K) belongs to the IR range. A body heated to
a temperature of 1,000 K (red heat) emits only 0.0002% of its energy in the visible
range, while even 50% of the energy (and thus information) belongs to a wavelength
range above 4:2 �m. Our environment at a temperature of 300 K emits solely in the
IR. It is not surprising that the past few decades have seen a tremendous interest and
also an unsurpassed growth in the technology of IR detection.

Two intensively studied species that developed specialized sensory organs for IR
radiation are the insect Melanophila acuminata (jewel beetle) and the snakes from
Crotalidae and Boidae families (Fig. 2.8a).

Jewel beetles, which lay their eggs into burned pinewood in recently burned
forests, have organs sensitive to IR radiation, with a maximum sensitivity at
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Fig. 2.8 (a) Rattlesnake, genus Crotalus. The arrow on the right points to the pit organ, the one on
the left (black) shows the nostril (Source: Wikimedia Commons, under GNU Free Documentation
License); (b) Cross-section of the pit organ where a membrane at the bottom of the pit serving as
thermal infrared detector (denoted as Pit membrane) is clearly visible

2:8–3:5 �m, corresponding to the signature of a forest fire [24]. The IR systems
of the snakes belonging to the subfamily Crotalidae and to the family Boidae are
especially complex. IR organs are located in the head of the snake as a linear
array of tiny apertures (pit organs) [25], Fig. 2.8a). Pits actually represent a pinhole
optic system (Camera obscura) as no organic materials are transparent to 10�m IR
radiation (Fig. 2.8b). This wavelength corresponds to the maximum of the Planck
blackbody radiation spectrum at a temperature close to 40 ıC, which is the radiation
of warm-blooded animals representing the basic pray of these snakes [26, 27].

It is accepted in biophysics that IR sensing in snakes is a thermal process [27]. IR
photons are absorbed in the membrane via molecular resonant frequencies inherent
to the chemical structure of the tissue. In essence, this energy transfer from the
IR photons causes the molecules within the system to “vibrate” on the molecular
level [28].

Prior to the development of the bionic nanomembrane-based IR sensors, one
would do well to review the state of artificial IR detectors. Basically, IR detectors
fall into two categories: photon and thermal detectors. The photon detectors of long
wavelength IR radiation are made from semiconductor materials, and contemporary
detectors must be cooled to achieve high sensitivity. Because of their requirements
for cryogenic cooling, the photonic IR detectors tend to be expensive, complex,
bulky, and difficult to maintain [29].

Man-made thermal detectors are based on the excitation of phonons or electrons
in a solid by incident IR photons. This occurs through a cascade of different physical
processes, and thus the incident IR energy is converted into random motion of lattice
ions, i.e., into heat. This process is similar to those in biological sensors.

The sensitivity of modern thermal detectors approaches that of the semiconductor
ones, and at the same time there is no need for cryogenic cooling. However, the
response time of thermal detectors (including biological sensors) is radically inferior
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compared with that of the photon detectors. Thermal detectors respond relatively
slowly (of the order of 10�3 s) compared with the photon detectors (of the order of
10�8 s).

A thermal detector response may be essentially characterized by two figures of
merit: its specific detectivity D� and response time � as:

D� D
r

A

4k"T 2G
;

� D c

G
;

where A is the detector area, G is its thermal conductivity toward the ambient, " is
the detector emissivity, T is the detector temperature, and c is the thermal mass of
the detector. To reach a high specific detectivity, the thermal conductivity of an IR
detector should be the lowest possible to prevent leakage of heat. The sensitive IR
organ in Python molurus bivittatus is therefore a freestanding membrane surrounded
by air, thus minimizing thermal losses. Low thermal capacity is essential for a
high response speed of a detector. The python sensitive membrane is only 15-�m
thick, including blood vessels and thermosensitive nerve ends. Further, nerves in the
membrane are very sensitive to small temperature variations. It is interesting that the
sensitivity of the thermal receptors in the python’s IR organ is not higher than that of
the corresponding receptors in the human skin. However, our thermal receptors are
located relatively deep under the skin surface. This naturally designed IR detector
is relative sensitive and comparably fast for a thermal detector.

Bionic IR detectors attract increasing R&D interest nowadays [28, 30, 31].
However, there is an important difference in the development of bionic IR detec-
tors compared with the development of the previously elaborated bionic proton-
conductive structures. The performance of the artificial proton conductive structures
still lags behind their natural counterparts, while the performance of the contempo-
rary man-made IR detectors exceeds the natural ones. The principal rationale for
this situation is that our detector technology exploits a wider range of materials
than are available in biological structures. Some of these materials are highly toxic
(Mercury Cadmium Telluride, MCT for example), others require excessively high
or cryogenic temperatures during production processes, high pressure, etc. We
conclude that the application of bionic principles, not materials themselves, still
can result in vastly improved performance of IR detectors.

Bionic nanomembranes are a logical further step in developing thermal IR
detectors. They can be manufactured to be highly sensitive to small temperature
variations. At the same time, their thermal mass is generally very close to or just
about equal to the fundamental limits. For example, graphene, a monatomic planar
structure of carbon atoms arranged in a benzene ring network, is still sufficiently
robust to be incorporated in a structure similar to the snake pinhole-based IR sensing
organ. It is hard to imagine a structure with a lower thermal mass.

TU Wien actively works on bionic IR detectors within an FWF (Austrian
Science Fund) project. Currently, the thickness of the nanomembranes used in the
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Fig. 2.9 Microphotograph of the experimental bionics IR detector based on nanomembrane.
Current research at TU Wien – ISAS within a FWF Project

experimental detector is 6–7 nm and will be reduced even more in the future. The
time constant of this thermal detector should be in the nanoseconds range, compared
with milliseconds of the contemporary thermal devices (Fig. 2.9).

2.4 Conclusion

In this chapter, we have reviewed the most important procedures, technologies,
and structures related to bionic nanomembranes as the artificial counterparts to
the biological lipid bilayer membranes. We stressed our related contributions and
presented our current works. Among these, we dedicated special attention to two
particular biomimetic applications of the artificial nanomembranes: the proton-
exchange membranes for the novel generation of FC and the nanomembrane-based
thermal detectors mimicking the function of snake pit organs for IR vision.

When designing an artificial nanomembrane, one does not have to use the
severely limited toolbox of nature. The available materials, structures, and processes
can be far extended both into the inorganic and organic world. We may use various
procedures and conditions usually not encountered with the living tissue, including
high temperatures, aggressive media, radiation, etc. The much higher degree of
design freedom and possibilities to include properties not found in natural materials
already helped our research related to thermal detectors, resulting in performance
exceeding that found in the living beings.

The research of artificial nanomembranes has the following three main goals:

• To build artificial nanomembranes using an extended toolbox
• To ensure membrane functionalization; for instance, to enable artificial

transmembrane passageways (various engineered nanopores and artificial ion
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channels), to implement structural reinforcements and many other additional
functionalities

• To find ways for the most widespread application of the new building blocks in
different practical applications and to optimize them

Different fields of application include nanoelectrochemistry and nanocatalysis, life
science/biomedicine, optical engineering, photonics, and plasmonics, the use in var-
ious sensors (Jiang et al. 2004) including mechanical, thermal, chemical, biological
ones, etc. Of large importance are protection (increasing mechanical stabiliza-
tion and durability, avoiding tribological problems) and separation (nanofiltering,
selective ion transfer) [32]. The bionic properties of nanomembranes enable us to
rethink and reinvent some classical applications of ultrathin structures, this time by
imparting them quasi-living features. Examples include transmembrane transport in
proton-exchange FC, enhancement of various photochemical processes including
energy conversion and hydrogen generation, artificial photosynthesis, to mention
just a few. Bionic nanomembranes have a potential to improve environmental
protection, to bring breakthroughs in life science, to enable the production of clean
energy, and to contribute in numerous other ways to an enrichment of the overall
quality of life.

Acknowledgements This work was funded by the Austrian Science Fund (FWF) within the
project L521 “Metalcomposite Nanomembranes for Advanced Infrared Photonics” and within EU
FP7 Framework project “MultiPlat” (Biomimetic Ultrathin Structures as a Multipurpose Platform
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Chapter 3
Biomimetics in Tribology

I.C. Gebeshuber, B.Y. Majlis, and H. Stachelberger

Abstract Science currently goes through a major change. Biology is evolving
as new Leitwissenschaft, with more and more causation and natural laws being
uncovered. The term ‘technoscience’ denotes the field where science and technology
are inseparably interconnected, the trend goes from papers to patents, and the
scientific ‘search for truth’ is increasingly replaced by search for applications with
a potential economic value. Biomimetics, i.e. knowledge transfer from biology to
technology, is a field that has the potential to drive major technical advances. The
biomimetic approach might change the research landscape and the engineering
culture dramatically, by the blending of disciplines. It might substantially support
successful mastering of current tribological challenges: friction, adhesion, lubri-
cation and wear in devices and systems from the meter to the nanometer scale.
A highly successful method in biomimectics, the biomimicry innovation method, is
applied in this chapter to identify nature’s best practices regarding two key issues
in tribology: maintenance of the physical integrity of a system, and permanent as
well as temporary attachment. The best practices identified comprise highly diverse
organisms and processes and are presented in a number of tables with detailed
references.
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As next step, detailed investigations on the relevant properties of the best
practices identified in this chapter shall be performed, and the underlying principles
shall be extracted. Such principles shall then be incorporated into devices, systems
and processes; and thereby yield biomimetic technology with increased tribological
performance. To accelerate scientific and technological breakthroughs, we should
aim at having a context of knowledge: the gap between scientific insights and
technological realization should be bridged. To prevent being trapped in the
inventor, innovator or investor gaps, a cross dialogue is necessary, a pipeline from
‘know-why’ to ‘know-how’ to ‘know-what’. This is specifically of relevance in
tribology, since tribological research is ultimately linked to real-world applications.
Applying biomimetics to tribology could provide such a pipeline.

3.1 Introduction: Historical Background and Current
Developments

Science currently goes through a major change: in biology, more and more causation
and natural laws are being uncovered [1]. Biology has changed during the recent
decades: it transformed from a rather descriptive field of research to a science that
can – in terms of concepts, basic ideas and approaches – be acknowledged and
understood by researchers coming from ‘hard sciences’ (such as physics, chemistry,
engineering and materials science) including tribologists (Fig. 3.1) [2]. Tribology
relies on experimental, empirical, quantifiable data or the scientific method, and
focuses on accuracy and objectivity [3, 4]. The amount of causal laws in this new

Fig. 3.1 The increasing amount of causal laws in biology generates promising areas of overlap
with tribology
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biology (indicated by the ratio of causal vs. descriptive knowledge) is steadily
growing and a new field that can be called ‘Biological Physics’ is emerging [1].
The languages of the various fields of science increasingly get compatible, and the
amount of collaborations and joint research projects between researchers coming
from the ‘hard sciences’ and biologists have increased tremendously over the last
years. Still, there is a large gap between the natural sciences and humanities [5].

The term ‘technoscience’ characterizes a field in which technology and science
are inseparably interconnected. This characteristic hybrid form is, for instance,
seen in the atomic force microscope – a symbol for both nanoscience and nan-
otechnology. This tool not only allows for basic scientific investigations, but also
for manipulation and engineering at very small scales. In technoscience, there
is no clear distinction between investigation and intervention. Even more, by
investigation already interventions may be made. Application-oriented biomimetics
can be denoted as ‘technoscience’.

Traditionally, engineers are interested in what works, i.e. what functions and
is useful, and are hence rather pragmatic, whereas scientists are interested in
explanations, hypotheses and theories that reflect a rather different stance. For
scientists, experiments are meant to try and prove or falsify a hypothesis or theory.
The practical aspects of experiments, i.e. the potential applicability, do not belong to
science but to technology. ‘While traditional conceptions of science foreground the
formulation and testing of theories and hypotheses, technoscience is characterized
by a qualitative approach that aims to acquire new competencies of action and
intervention’ [6]. Of course, also pure scientific theories are a basis or prerequisite
for technology, but it is not necessary to have an application in mind before a
scientific investigation, which is a characteristic of the field of technical biology [7].
Living nature is seen from an engineering viewpoint, or even nature itself is thought
of as an ‘engineer’ who is facing technical problems.

In biomimetics, materials, processes and systems in nature are analyzed; the
underlying principles are extracted and subsequently applied to science and tech-
nology [7–10]. Biomimetics is a growing field that has the potential to drive major
technical advances [1, 11, 12]. It might substantially support successful mastering
of current tribological challenges. The biomimetic approach can result in innovative
new technological constructions, processes and developments [7]. Biomimetics can
aid tribologists to manage the specific requirements in systems or product design, to
integrate new functions, to reduce production costs, to save energy, to cut material
costs, to redefine and eliminate ‘waste’, to heighten existing product categories, to
define new product categories and industries, to drive revenue and to build unique
brands [13, 14].

Gebeshuber and Drack [7] distinguished two methods of biomimetics: biomimet-
ics by analogy and biomimetics by induction, to which the different activities in
the field can be assigned. Biomimetics by analogy starts with a problem from
technology and tries to find analogous problems in nature with the respective
solutions that might also be useful in the technology. Biomimetics by induction
refers to ideas that stem from basic science approaches in biology, with no intention
for applications as a motivation in the first place.
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Biology and Tribology
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Fig. 3.2 The number of scientific publications in the years 2001–2010 with explicit relation
between biology and tribology
Source: ISI Web of Knowledge, Thomson Reuters, Citation Databases: SCI-EXPANDED (2001-
present), CPCI-S (2004-present). http://www.isiknowledge.com, (accessed 5 May 2010)

Biomimetics is yet another example for the increasing dissolution of disciplines
that are found in science, together with the development of highly specialized
domains. Interdisciplinary work with a specific focus (e.g. the functional design
of interacting surfaces by means of nanotechnology) requires input from more than
one classical discipline (in this example: physics, chemistry, biology, mechanical
engineering, electronics and tribology). Recurrent concepts in biomimetics can
easily be transferred to technology [1, 7, 8].

The amount of scientific papers that link biology to tribology is increasing (see
Fig. 3.2). However, there is still a large unexplored body of knowledge that deals
with lubrication and wear in biology but that has not yet been linked extensively to
technology (Fig. 3.3).

3.2 Biology for Engineers

Engineers may not be primarily interested in evolution or taxonomy. Yet, basic
knowledge about typical reactions of biological organisms or groups of organisms
to conditions imposed by natural and human activities might prove beneficial for
their work. Biology for engineers should be principle-based, viewed as a system
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Wear and Adhesives in Biology
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Fig. 3.3 The number of scientific publications in the years 2000–2009 dealing with either wear or
adhesives in biology comprise a huge yet unexplored amount of inspiration for technology
Source: ISI Web of Knowledge, Thomson Reuters, Citation Databases: SCI-EXPANDED (2001-
present), CPCI-S (2004-present). http://www.isiknowledge.com, (accessed 5 May 2010)

and might lead to predictive expectations about typical behavioural responses [15,
Table 3.1].

Recurring principles of biology are correlation of form and function, modularity
and incremental change, genetic basis, competition and selection, hierarchy and
multi-functionality [16, 17].

General principles that can be applied by engineers who are not at all involved in
biology have been distilled [18]. These basic principles comprise integration instead
of additive construction, optimization of the whole instead of maximization of a
single component feature, multi-functionality instead of mono-functionality, energy
efficiency and development via trial-and-error processes. Systematic technology
transfer from biology to engineering thereby becomes generally accessible.

Knowledge about the responses of biological systems may lead to useful products
and processes, might increase the ability of engineers to transform information
from familiar systems to unfamiliar ones and might help to avoid unintended
consequences of emerging technologies.

Nachtigall promoted analogy search and states that the nature of qualitative
analogy research is an impartial, open-minded comparison. He presents numerous
examples of insect micromorphology and relates functional mechanisms to techno-
logical examples in a visual comparison [19].

In biomimicry, nature is seen as model and mentor (and measure for sustain-
ability). Models in nature are studied, and forms, processes, systems and strategies
are emulated to solve human problems – sustainably. Biomimicry is a new way of
viewing and valuing nature. It introduces an era based not only on what we can
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Table 3.1 Possible extrapolation of biological responses to technical systems

Biological responses [15] Possible extrapolation to technical systems

Organisms die without water, nutrients, heat
sources and sinks and the right amount of
oxygen Proper energy management

Organisms become ill in the presence of wastes Proper waste management

Organisms modify their environments
Consider two way interaction of device with

environment
Extra energy will be spent on adaptations Rather adapt than completely change
Organisms, if possible, will move to friendlier

environments Choose promising niches
Organisms will evolve under environmental

pressures Reactive responsive adaptive devices

Crowding of organisms produces stress
Information management in an era of

over-information
Organisms are affected by chemical and

mechanical stresses Reactive devices
Optimization is used to save energy and nutrient Resourcefulness
Organisms alter themselves to protect against

harsh environments Adaptive devices

Organisms cooperate with other organisms
Sharing of data and results with other

devices in the same system

Organisms compete with other organisms
Input from other devices is used to improve

respective device
Organisms reproduce Develop self-replicating devices
Organisms coordinate activity through

communication
Communication of devices with each other

to eliminate abundances
Organisms maintain stability with exquisite

control
Feedback mechanisms inside the devices and

within the system

Organisms go through natural cycles
Emerging technologies go through circles

from primitive to complex to simple
Organisms need emotional satisfaction and

intellectual stimulation
Technology should be helpful, and not a

burden (cf. openability issues)
Organisms die Develop materials with expiration date

extract from the natural world, but also on what we can learn from it [20], for
example related to developing better brakes. Not only in 1771 this was an issue
(see Fig. 3.4), optimizing brakes is still important today.

3.3 Method: The Biomimicry Innovation Method

The biomimicry innovation method (BIM, [21]) is a successful method in
biomimetics. This method is applied here to identify biological systems, processes
and materials that can inspire tribology. Biomimicry is an innovation method that
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Fig. 3.4 1771 crash of Nicolas Joseph Cugnot’s steam-powered car into a stonewall. Cugnot was
the inventor of the very first self-propelled road vehicle, and in fact he was also the first person to
get into a motor vehicle accident

seeks sustainable solutions by emulating nature’s time-tested patterns and strategies.
The goal is to create products, processes and policies – new ways of living – that
are well adapted to life on earth over the long haul.

The steps in BIM are as follows: Identify function, biologize the question, find
nature’s best practices and generate product ideas.

Identify Function: The biologists distil challenges posed by engineers/natural
scientists/architects and/or designers to their functional essence.

Biologize the Question: In the next step, these functions are translated into
biological questions such as ‘How does nature manage lubrication?’ or ‘How does
nature bond parts together?’ The basic question is ‘What would nature do here?’

Find Nature’s Best practices: Scientific databases as well as living nature itself
are used to obtain a compendium of how plants, animals and ecosystems solve the
specific challenge.

Generate Process/Product Ideas: From these best practices, the biologists gen-
erate ideas for cost-effective, innovative, life-friendly and sustainable products and
processes.

The BIM proves highly useful in habitats with high species variety and therefore
high innovation potential (e.g. in the tropical rainforests or in corral reefs),
providing a multitude of natural models to learn from and emulate. According to
the experience of the US based Biomimicry Guild, about 90% of the generated
process/product ideas are usually new to their clients (who include companies such
as Boeing, Colgate–Palmolive, General Electric, Levi’s, NASA, Nike and Procter
and Gamble).

There is an abundance of biological literature available. However, only a few
of these works concentrate on the functions of biological materials, processes,
organisms and systems [19, 22–27]. The Biomimicry Guild is currently undergoing
a major endeavour and collects on its web-page http://www.asknature.org ‘strategies
of nature’ together with scientific references and envisaged and already existing
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bioinspired applications in industry. The 1,245 strategies (status 5 May 2009) are
grouped in 8 major sections and comprise answers to the questions

How does nature break down?
How does nature get, store or distribute resources?
How does nature maintain community?
How does nature maintain physical integrity?
How does nature make?
How does nature modify?
How does nature move or stay put?
How does nature process information?

Strategies in ‘How does nature maintain community?’ of relevance regarding
tribology are concerned with maintenance of physical integrity, management of
structural forces and prevention of structural failure (Table 3.2). Strategies in
‘How does nature move or stay put?’ with most relevance regarding tribology
are concerned with attachment (Table 3.2). The results section below presents the
outcome of a thorough screening of these strategies and subsequent clustering and
further analysis of especially promising ones regarding tribology.

3.4 Results: Biomimetics in Tribology – Best Practices
and Possible Applications

Application of the BIM concerning wear, shear, tension, buckling, fatigue, fracture
(rupture), deformation and permanent or temporal adhesion yields a variety of best
practices that comprise biological materials and processes in organisms as diverse
as kelp, banana leafs, rattan, diatoms and giraffes (Tables 3.3–3.9).

Table 3.2 Structure of the strategies on AskNature.org relevant for tribology used in this work

Major category Category Sub category

Maintain physical integrity (799) Manage structural forces (289) Mechanical wear (30)
Shear (16)
Tension (28)

Prevent structural failures (52) Buckling (14)
Deformation (4)
Fatigue (4)
Fracture (rupture) (30)

Move or stay put (43) Attach (102) Permanently (41)
Temporarily (61)

The numbers indicate the total amount of strategies in the respective categories (status 5
May 2010).
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Multifunctionality is a key property in biological entities. Therefore, many organ-
isms and strategies are relevant for more than one tribological issue and therefore
also appear in more than just one of the tables given below.

The inspiring organisms, ecosystems and natural structures and functions lay a
sound foundation to proceed to the next step: detailed experimental investigation of
the phenomena of interest. Further analysis concerning the rich flora in Southeast
Asia by one of the authors (ICG) might provide further useful input concerning
novel approaches regarding tribology. Valuable literature in this regard is available
in abundance [e.g. [28–30]] and personal presence in Malaysia with direct contact
to devoted naturalists such as H.S. Barlow with his 96 acres Genting Tea Estate
where he plants rare species and provides perfect environment for his objects of
study prove highly beneficial for biomimetics work.

Increasing awareness about the innovation potential of the rainforest might also
hopefully cause a paradigm shift in the way locals view the pristine forests. With
the fast pace people are currently cutting down pristine tropical forests (e.g. in
Asia or Brazil) and the subsequent extinction of a multitude of species, many of
which are even not yet known to the public, many inspiring plants and animals
are lost forever, before we even have started to value them. Gebeshuber and co-
workers have recently proposed a niche tourism concept for Malaysia and Thailand,
where corporate tourists and local bioscouts practice biomimetics in rainforests,
coastal and marine environments and thereby provide sustainable usage of pristine
tropical environment, increased income and employment in the host countries while
encouraging conservation and sustainable tourism development [31, 32].

3.4.1 Application of the Biomimicry Innovation Method
Concerning Mechanical Wear

Wear concerns the erosion of material from a solid surface by the action of
another surface. It is related to surface interactions and more specifically the
removal of material from a surface as a result of mechanical action. The need for
mechanical action, in the form of contact due to relative motion, is an important
distinction between mechanical wear and other processes with similar outcomes
(e.g. chemical corrosion) [33]. Table 3.3 summarizes the application of the BIM
regarding mechanical wear.

The lubrication strategies applied in chameleon tongues could for example
be investigated regarding lubrication in bionanotechnological devices and fast
actuators.

‘The chameleon’s tongue moves at ballistic speeds – the acceleration reaches 50 g – five
times more than an F16 fighter jet. The burst of speed is produced by spiral muscles in the
tongue, which contract width-wise to make them stretch forward. A lubricant allows the
muscles to slide at time-slicing speeds.’ [36, p. 70].

At the core of a chameleon’s tongue is a cylindrical tongue skeleton surrounded
by the accelerator muscle. High-speed recordings of Chamaeleo melleri and
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Table 3.3 Application of the biomimicry innovation method regarding mechanical wear

Biologized
question: How
does nature : : : Nature’s best practice Generated process/product ideas

: : : build flexible
anchors? Anchor has flexibility: bull kelp [34]

Bioinspired wave and tidal power
systems [35]

: : : lubricate fast
moving parts?

Chameleon tongues move with an
acceleration of 50 g and are
lubricated [36, p. 70]

Lubrication in
bionanotechnological devices,
fast actuators

: : : protect seeds
from wear?

Seed coat: lotus (Nelumbo nucifera)
[37] Packaging

: : : protects trees
from damage?

Resin protects damage: conifer trees
[38] Packaging

: : : lubricate joints?
Coefficient of friction in hip joints:

0.001 [39–41] Technical joints, hip implants
: : : prevent wear in

abrasive
conditions?

Skin exhibits low friction: sandfish
skink [42]; optimized
tribosystem: snake skin [43–45]

Abrasive cutting cools, adaptation
in plateau honed surfaces [46]

: : : maintain
sharpness of
teeth?

Teeth are self-sharpening: American
beaver [47], sea urchins [48]

Self-sharpening tools, abrasive
cutting cools, self-sharpening
hand and power saws [49]

: : : maintain low
friction in
nanoscale parts
in relative
motion?

Moving parts are lubricated:
diatoms [50] 3D-MEMS [51]

: : : protect soft
matter against
wear?

The skin of cartilaginous fish
(Elasmobranchii) is protected by
a covering of abrasive placoid
scales, called denticles [52,
p. 91]; skin and mucus prevent
abrasion: blennies [53].

Self-sharpening tools, abrasive
cutting cools, industrial-
grade sanders

: : : protect bodies
from dirt
particles?

The body and eyes of stonefly larvae
(Capniidae) are protected from
sediment particles by a coating
of dense hairs and bristles [54,
p. 115].

Surface layer of devices that come
in contact with abrasive
particles

: : : control wear of
teeth?

Long-lived grazers with a
side-by-side layered arrangement
of enamel, dentine and cement
[25, p. 333] Agricultural tools

: : : protect skin
when burrowing?

Webbed feet of the platypus
(Ornithorhynchus anatinus) are
used for burrowing by folding
back the webbing to expose the
claws for work [55]

Protect equipment from damage,
or from damaging something it
comes into contact with when
not in use. Gloves

: : : protect folded
structures from
wear? Insect wings [56]

Packaging, manufacturing,
transport

: : : protect soft
structures from
thorns?

Leathery tongue (Giraffa
camelopardalis) [57, p. 61]

Soft but durable packaging
replacing hard plastics

Possible application scenarios are presented in the third column of this table.
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C. pardalis reveal that peak powers of 3,000 W/kg are necessary to generate the
observed accelerations. The key structure in the projection mechanism is probably
a cylindrical connective-tissue layer, which surrounds the entoglossal process and
acts as lubricating tissue. Thus, the chameleon utilizes a unique catapult mechanism
that is very different from standard engineering designs [58]. Industrial sectors
interested in this strategy could be manufacturing, food and medicine; possible
application ideas comprise bio-friendly lubrication for use in industry and actuators
that lengthen quickly.

3.4.2 Application of the Biomimicry Innovation Method
Concerning Shear

Shear concerns a deformation of an object in which parallel planes remain parallel
but are shifted in a direction parallel to themselves. In many man-made materials,
such as metals or plastics, or in granular materials, such as sand or soils, the shearing
motion rapidly localizes into a narrow band known as a shear band. In that case, all
the sliding occurs within the band, while the blocks of material on either side of the
band simply slide past one another without internal deformation. A special case of
shear localization occurs in brittle materials when they fracture along a narrow band.
Then, all subsequent shearing occurs within the fracture. Table 3.4 summarizes the
application of the BIM regarding shear.

3.4.3 Application of the Biomimicry Innovation Method
Concerning Tension

Tension is the magnitude of the pulling force exerted by a string, cable, chain or
similar object on another object. It is the opposite of compression. Tension is a
force and is always measured parallel to the string on which it is applied. Table 3.5
summarizes the application of the BIM regarding tension.

3.4.4 Application of the Biomimicry Innovation Method
Concerning Buckling, Fatigue, Fracture (Rupture)
and Deformation

Buckling, fatigue, fracture (rupture) and deformation are well-known phenomena;
their specific meaning in tribology is summarized below. Buckling is a failure
mode characterized by a sudden failure of a structural member subjected to high
compressive stresses, where the actual compressive stress at the point of failure
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Table 3.4 Application of the biomimicry innovation method regarding shear

Biologized question:
How does nature : : : Nature’s best practice

Generated process/
product ideas

: : : reinforce materials?

Spiral fibres strengthen tree trunks [59,
pp.28–29]: pine; Circular, tapering
beams stabilize: plants [60]; Nature
achieves high flexural and torsional
stiffness in support structures, with
minimum material use, by using
hollow cylinders as struts and beams
[25, p. 440]. Tough materials

: : : prevent structures
from breaking?

Stretchable architecture resists breakage:
bull kelp [61]; Joint shaped as suction
cup prevents peeling: bull kelp [25,
p. 425], Variable postures aid intertidal
zone survival: sea palm [25, p. 435] Tough materials

: : : build lightweight?
Lightweighting: Scots pine [62]; Bones

are lightweight yet strong: birds [63]
Lightweight structures

and materials

: : : resist shear?

Insect elytra resist shear and cracking:
beetles [64]; Tissues resist bending
under stress: giant green anemone
[65]; Pulled support stalks have low
flow stress: algae [25, p. 437; 66];
Leaves resist bending: trees, p. 580];
Many organisms, including limpets,
resist shearing loads temporarily in
part thanks to Stefan adhesion, which
occurs when a thin layer of viscous
liquid separates two surfaces [25,
p. 427]. Shear resistant materials

is less than the ultimate compressive stresses that the material is capable of
withstanding. This mode of failure is also described as failure due to elastic insta-
bility. Mathematical analysis of buckling makes use of an axial load eccentricity
that introduces a moment, which does not form part of the primary forces to
which the member is subjected. Fatigue is the progressive and localized structural
damage that occurs when a material is subjected to cyclic loading. The maximum
stress values are less than the ultimate tensile stress limit, and may be below
the yield stress limit of the material. Fracture mechanics is an important tool in
improving the mechanical performance of materials and components. It applies the
physics of stress and strain, in particular the theories of elasticity and plasticity,
to the microscopic crystallographic defects found in real materials to predict the
macroscopic mechanical failure of bodies. Rupture or ductile rupture describes the
ultimate failure of tough ductile materials loaded in tension. Rupture describes a
failure mode in which, rather than cracking, the material ‘pulls apart’, generally
leaving a rough surface. Deformation denotes a change in the shape or size of an
object due to an applied force. Tables 3.6 and 3.7 summarize the application of
the BIM regarding buckling, fatigue and fracture (rupture); and deformation. The
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Table 3.5 Application of the biomimicry innovation method regarding tension

Nature’s best practice
Generated process/
product ideas

Stretchable architecture resists breakage: bull kelp [61];
Stretching mechanism prevents fracture: blue mussel [67];
Two-phase composite tissues handle tension: pipevine [68];
Membranes get fatter when stretched: cells [69]; Arterial
walls resist stretch disproportionately: cephalopods [25,
pp. 7–8]; Stretchable materials

After too much tension is applied: Bones self-heal: vertebrates
[70]; Diatom adhesives self-heal [71]

Self-healing materials;
Self-healing coatings [72]

Walls prevent collapse under tension: plants [73]; Fluid
pressure provides support: blue crab [74]; Pressure provides
structural support: blackback land crab [74]

Reinforcement of foldable
structures

Pulled support stalks have low flow stress: algae [25, p. 437;
66] Construction

Intricate silica architecture ensures mechanical stability under
high tension: diatoms [75–77] MEMS

Crystals and fibres provide strength, flexibility: bones [78];
Byssus threads resist hydrodynamic forces [79]; Silk used
for various functions: spiders [80]; Teeth resist compression
and tension: animals that chew [25, pp. 332–333]; Elastic
ligament provides support, shock absorption: large grazing
mammals [25, p. 304] Tough materials

Circular, tapering beams stabilize: plants [60]; Buttressing
resists uprooting: English oak [25, pp. 431–432]; Resisting
shearing forces: limpets [25, p. 427]; Variable postures aid
intertidal zone survival: sea palm [25, p. 435]; Leaves resist
gravitational loading: broad-leaved trees [25, p. 375];
Tentacles maintain tension as flow increases: marine
polychaete worm [81] Stabilize materials

Curved spine deals with tension: sloth [52, p. 37]; Low-energy
perching: mousebird [82, pp. 240–241] Tension resistant materials

biologized question ‘How does nature manage changes in humidity?’ (Table 3.7,
top) is a question resulting from reverse engineering, because we already know that
shape change in nature is often initiated by changes in humidity.

3.4.5 Application of the Biomimicry Innovation Method
Concerning Attachment

To stay put is important for many organisms; a plenitude of different methods for
mechanical attachment or chemical bonding have evolved. In this book chapter,
mechanisms to stay put are divided into mechanisms for permanent and temporary
attachment.
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Table 3.6 Application of the BIM regarding buckling, fatigue and fracture (rupture)

Function
Biologized question:
How does nature : : : Nature’s best practice

Generated process/
product ideas

Buckling

Stems resist buckling: bamboo and other plants [83,
25, p. 378]; Quills resist buckling: porcupine [84];
Siliceous skeleton provides support: Venus flower
basket [85]; Shape of feather shafts protect from
wind: birds [25, p. 385]; Crystals and fibres
provide strength, flexibility: bones [59, p. 32–33;
78]; Organic cases provide protection: bagworm
moths [86]; Bones absorb compression shock:
birds [52, p. 39]; Leaves resist bending: trees [25,
p. 580]; Skeleton provides support: sponges [25,
p. 439]; Flexural, torsional stiffness with minimal
material use: organisms [25, p. 440]; Spines work
as shock absorbers: West European hedgehog [87];
Stems vary stiffness: scouring horsetail [88]

Bioinspired buckling
resistant scaffolds

Fatigue

Plants survive repeated drying and rehydration: lesser
clubmoss [89]; Wood resists fracture: trees [25,
p. 343]; Pulled support stalks have low flow stress:
algae [25, p. 437; 66]; Thin ‘shells’ resist impact
loading: sea urchins [25, p. 388; 90–92]; Wings
fold multiple times without wear: beetles [56]

Bioinspired fatigue
resistant materials

Fracture
(rupture)

Bones self-heal: vertebrates [70]; Iron sulphide
minerals reinforce scales: golden scale snail [93];
Insect elytra resist shear and cracking: beetles [64];
Tendons and bones form seamless attachment:
Chordates [94]; Leaves resist tearing: brown algae
[59, pp. 35–36]; Microscopic holes deter fractures:
starfish [25, p. 338–339]; Spicules help resist
fractures: sponges [25, p. 337]; Extensibility helps
stop spread of cracks: macroalgae [25, p. 338; 34,
95]; Shell resists cracking: scallop [25,
pp. 339–340]; Leaves resist crosswise tearing:
grasses [25, p. 340]; Antlers resist fracture:
mammals [25, p. 349]; Resin protects damage:
conifer trees [38]; Crystals and fibres provide
strength, flexibility: bones [78]; Arterial walls
resist stretch disproportionately: cephalopods [25,
pp. 7–8]; Hooves resist cracking: horse [96, 97];
Continuous fibres prevent structural weakness:
trees [98]; Ctenoid scales form protective layer:
bony fish [52, p. 86]; Leaves resist bending: trees
[25, p. 580]; Flexural, torsional stiffness with
minimal material use: organisms [25, p. 440].

Bioinspired fracture
resistant materials

Permanent adhesion can occur via mechanical attachment. One intriguing exam-
ple for this on the small scale is diatom chains with hinges and interlocking devices
that are just some hundreds of nanometers large and that connect the single celled
organisms to chains. Some of these connections (still functional) can be found in
fossils of diatoms that lived tens of millions of years ago [100]. Most man-made
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Table 3.7 Application of the BIM regarding deformation

Biologized question:
How does nature : : : Nature’s best practice

Generated process/product
ideas

: : : manage changes in
humidity?

Plants survive repeated drying and
rehydration: lesser clubmoss
[10, p. 476] Humidity resistant materials

: : : build stable
scaffolds?

Crystals and fibres provide
strength, flexibility: bones [59,
pp. 32–33; 78]; Venus flower
basket [85]

Scaffold in tissue
engineering

: : : protect soft parts
against deformation?

Skin properties derive from
arrangement of components:
mammals [99]

Mechanical protection
(e.g. food
packaging)

: : : provide mechanical
stability?

Thin ‘shells’ resist impact loading:
sea urchins [25, p. 388; 90–92] Hard coated materials

adhesives fail in wet conditions, owing to chemical modification of the adhesive or
its substrate. Therefore, bioinspiration from natural underwater adhesives is very
much in need. The adhesive that Eunotia sudetica, a benthic freshwater diatom
species, produces to attach itself to a substrate has for example modular, self-
healing properties [50]. Another class of adhesives comprises cement-like materials
and adhesives that dry in air. Dry adhesives as they occur in the gecko have been
thoroughly investigated, and currently first man-made bioinspired gecko adhesives
are produced [101]. Tables 3.8 and 3.9 summarize the application of the BIM
regarding permanent and temporary attachment, respectively. In Table 3.9, the
mechanical attachment devices for the temporal attachment are structured according
to their size (millimetres and above, micrometres and nanometres) – this should help
prevent problems with any scaling effect when doing the technology transfer from
biology to technology.

Climbing palms, such as the highly specialized rattan palms in the Southeast
Asian rainforests, evolved leaves armed with hooks and grapnels for climbing
(Fig. 3.5). Some species of rattan palms develop a climbing organ known as
the flagellum, which also bears hooks. The leaves are constructed to optimize
bending and torsion in relation to the deployment of re-curved hooks. It is a joint
phenomenon that hooks in organisms increase in strength toward their base, and
that the hooks always fail in strength tests before the part of the organism they
are attached to. The sizes and strengths of the hooks differ between species and
are related to body size and ecological preference. Larger species produce larger
hooks, but smaller climbing palms of the understory deploy fine sharp hooks that
are effective on small diameter supports as well as on large branches and trunks.
Climbing organs in palms differ significantly from many vines and lianas having
more perennial modes of attachment [137].

‘The front tip, from which all growth comes, explores with extremely long, thin tendrils
equipped along their length with needle-sharp curved hooks. If these snag your arm – and
the tendrils are so thin that they can easily be overlooked – they can rip both your shirt and
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Table 3.8 Application of the BIM regarding permanent attachment

Generated process/
Function Nature’s best practice product ideas

Permanent adhesion via
mechanical
attachment Diatom chains [13, 50, 71, 76]

Hinges and interlocking
devices in
micromachinery
produced via rapid
prototyping

Permanent adhesion via
wet adhesives

Sticky proteins serve as glue:
mammals [102]; Tendons and
bones form seamless attachment
[63, 78]; Anchor has flexibility:
bull kelp [34]; Leaves glued
together: grass trees [102]; Mucus
glues sand and rock: marine
worms [52, pp. 32–33]; Sticky
proteins serve as glue: blue mussel
[67]; Sticky berries adhere:
European mistletoe [103]; Tendrils
stick to various surfaces: Virginia
creeper [104]; abalone shells [105]

Novel adhesives that can be
produced in ambient
conditions [106]

Permanent adhesion
underwater via wet
adhesives Benthic diatoms [50, 71, 107]

Chemically stable
underwater adhesives

Permanent adhesion via
cement-like material

Eggs attached securely to hairs with a
cement like substance: body lice
[108]; Durable casing built with
sand: protozoan’s [109]; Termite
faecal cement [110]

Cement produced at
ambient conditions

Permanent adhesion via
fluid substances that
harden in air or
water

Adhesive glues prey: velvet worms
[36, p. 78]; Saliva used as glue:
swifts [82, p. 239]; Threads adhere
underwater: sea cucumber [111]

Novel two component
adhesives

your flesh. With these, it hitches itself on to an established tree and actively grows upwards.
Sometimes the support is not strong enough to bear the extra load and it collapses, but the
rattan is not deterred. It continues to grow as it sprawls across the forest floor and does so
with such vigour that some species develop longer stems than any other plant and may reach
a length of over five hundred feet.’ [57, pp. 162–163]

Bioinspired products and application ideas comprise fasteners, clips, snaps, slide
fastener tapes and a novel Velcro analogue (possibly noiseless!) with no need for a
counterpart.

3.5 Summary and Outlook

This chapter presented a multitude of best practices from nature concerning melio-
rated technological approaches of various tribological issues. As next step, detailed
investigations on the relevant properties of the best practices shall be performed,
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Fig. 3.5 Details of the climbing palm rattan. The hooks protect the plant against predators and
assist in climbing and growing through the understory in the tropical rain forests. Image reproduced
with permission, c� F. Saad, IPGM, Malaysia

and the underlying principles shall be extracted. Such principles shall then be
incorporated into devices, systems and processes and thereby yield biomimetic
technology with increased tribological performance.

To accelerate scientific and technological breakthroughs, we should aim at
having a context of knowledge: the gap between scientific insights and technological
realization should be bridged [138]. Especially in a field which is as application-
oriented as biomimetics related to tribology, care has to be taken that the scientific
findings actually can lead to real-world applications. As Gebeshuber and co-workers
outlined in 2009 [1] in their ‘three gaps theory’, there are gaps between inventors,
innovators and investors (see Fig. 3.6). ‘Inventor gap’ denotes the gap between
knowing and not knowing that has to be overcome to have ideas. The ‘innovator
gap’ denotes the gap between knowledge and application of the knowledge. The
‘investor gap’ denotes the gap between the application and the creation of the
product. To prevent being trapped in the inventor, innovator or investor gap, a cross
dialogue is necessary, a pipeline from ‘know-why’ to ‘know-how’ to ‘know-what’,
from the inventor who suggests a scientific or technological breakthrough to the
innovator who builds the prototype to the investor who mass produces the product
and brings the product to the consumer. Currently, and this is a major problem, at
universities worldwide huge amounts of knowledge are piled up with little or no
further usage. We know a lot, we can do relatively little. We need a joint language
and a joint vision. This is specifically of relevance in tribology, since tribological
research is ultimately linked to real-world applications. Applying biomimetics to
tribology could provide such a pipeline.
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Fig. 3.6 The three gaps theory regarding inventors, innovators and investors. c�2009 PEP
Publishing, London. Reproduced from [1] with permission

On the basis of the long-standing experience of research at the interface between
tribology and biology [e.g. 2, 8, 12, 13, 14, 100], Gebeshuber and co-workers
recently introduced a concept for a dynamic new way of scientific publishing and
accessing human knowledge [138]. The authors propose a solution to the dilemma
that a plenitude of biology papers that deal with friction, adhesion, wear and
lubrication were written solely for a biology readership and have high potential
to serve as inspiration for tribology if they were available in a language or in an
environment accessible for tribologists (cf. Figs. 3.2 and 3.3).
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Chapter 4
Reptilian Skin as a Biomimetic Analogue
for the Design of Deterministic Tribosurfaces

H.A. Abdel-Aal and M. El Mansori

Abstract A major concern in designing tribosystems is to minimize friction, save
energy, and to reduce wear. Satisfying these requirements depends on the integrity
of the rubbing surface and its suitability to sliding conditions. As such, designers
currently focus on constructing surfaces that are an integral part of the function
of the tribosystem. Inspirations for such constructs come from studying natural
systems and from implementing natural design rules. One species that may serve
as an analogue for design is the Ball Python. This is because such a creature doesn’t
sustain much damage while depending on legless locomotion when sliding against
various surfaces, many of which are deemed tribologically hostile. Resistance to
damage in this case originates from surface design features. As such, studying
these features and how do they contribute to the control of friction and wear is
very attractive for design purposes. In this chapter, we apply a multiscale surface
characterization approach to study surface design features of the Python regius that
are beneficial to design high-quality lubricating surfaces (such as those obtained
through plateau honing). To this end, we studied topographical features by SEM and
through white light interferrometery. We further probe the roughness of the surface
on multiscale and as a function of location within the body. The results are used to
draw a comparison to metrological features of commercial cylinder liners obtained
by plateau honing.
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4.1 Introduction

One of the current pressing technical problems facing engineers is to curb global
consumption of fossil fuels. At the core of the strategy devised to achieve such a
goal is to reduce the energy consumption footprint of internal combustion engines
(ICEs). It is to be noted that most of the fuel savings arise from reducing energy
losses to friction resistance to motion. ICEs typically operate with a thermal
efficiency, ratio of output energy to input energy, which falls between 50% and 60%
[1]. It is estimated [2] that roughly 15% of the energy input to a passenger vehicle
is consumed by friction. In the United States alone, more than two hundred million
motor vehicles are powered by ICEs. Many of these engines produce power in the
order of 102 kW. So that, friction-induced power losses translate into a staggering
amount of wasted crude oil (estimated to be in excess of one million barrels a day
in the United States alone).

Frictional forces in ICEs are a consequence of hydrodynamic stresses in oil
films and metal to metal-to-metal contacts. Friction-induced power losses represent
a significant fraction of the overall power produced by an ICE. Piston–cylinder
friction contributes a fare share of such lost power. Consequently, minimization of
the friction losses due to the operation of these components is a major concern for
engine designers. Typically, ICEs are lubricated to minimize the friction between
moving parts. Lubrication, however, does not eliminate friction, and it may cause
significant damage to the engine on failure. Most of the frictional losses within the
moving parts of an ICE result from friction between piston and cylinder. Because
of the pressures acting on the piston and the cylinder, hydrodynamic stresses
will develop in the oil films. These may contribute to frictional losses through
fluid friction resulting from viscosity effects. Additionally, an engine cylinder will
contain very hot gases resulting from the ignition of fuel. The high temperatures
encountered may lead to failure of the lubrication layer and hence the occurrence of
metal-to-metal contact between cylinder and piston. Such a situation is not desirable
since it leads to engine seizure.

Several factors affect the energy consumed in friction between solids. These may
be broadly classified as intrinsic factors that pertain to the physical and chemical
properties of the rubbing materials, and extrinsic factors that relate to applied loads,
ambient operation temperatures, rubbing speeds, and topography of the rubbing
surfaces, and so on. Within the extrinsic factor group, the topography of the rubbing
surfaces crucially influences the integrity of the rubbing pair. This is because
the surface of a rubbing interface manifests the changes that a solid undergoes
during the manufacturing stages. It also reflects the response of the contacting
solids to other extrinsic factors. More importantly, the topography of the rubbing
interface affects the quality of lubrication. Therefore, constructing a surface of a
predetermined topography, which yields a predictable response, and in the meantime
self-adapts in response to changes in sliding conditions, can reduce frictional losses.
Such surfaces termed here as “deterministic surfaces” are starting to emerge in
many modern engines. These designs are artificial textures that ornament the inner
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surface of cylinder bores (cylinder liner). There are several methods used to emboss
the artificial textures (e.g., multistep honing, helical honing, controlled thin-layer
deposition, and laser texturing) [3–12]. To date, however, there is no agreement on
the optimal topology that such surfaces should acquire. Furthermore, a systematic
methodology that, if applied, may generate deterministic surface designs, which
meet functional requirements of a given engine, is virtually nonexistent. Reasons
for such a condition are rooted in the analytical philosophy that inspires design
generation in man-engineered systems (MES) in comparison to the holistic approach
that generates design in natural systems.

Generation of design in natural systems (geometry, pattern, form, and texture)
is a holistic phenomenon that synchronizes all design constituents toward an
overall optimized performance envelope. Such an approach yields deterministic
design outputs that while conceptually simple are of optimized energy expenditure
footprint. Natural engineering, thus, seeks transdisciplinary technically viable alter-
natives that, given functional constraints, require minimum effort to construct and
economizes effort while functioning. In nature, there are many examples of designs
and technical solutions that economize the effort needed for operation and minimize
damage profiles [10]. An analogous design paradigm, within the MES domain, has
not matured as of yet. In addition, the process of texturing is a multistep operation
of a high degree of functional complexity. This presents considerable challenges to
surface designers who conceptually conform to conventional paradigms that do not
acknowledge functional complexity to start with.

Confining the discussion to texturing by honing, we may identify two sets of
interrelated parameter groups within textures of cylinder bores: product functional-
ity factors and a so-called cylinder liner features. Oil consumption, for example,
falls under the first parameter group. Each constituent of a parameter group, in
turn, relates to a feature factor of the honing process itself. In our example, oil
consumption relates to the honing tool angle of application, any chatter marks,
residual grooves, and cracks present within the virgin surface. The running-in
performance of the cylinder–piston assembly originates from the mechanics of the
intermediate step of the texturing process (the so-called plateaux forming stage)
and whether foreign bodies are present in the material of the surface to start with.
In all, there are 400 parameters involved in artificial texturing of cylinder bores
by honing. Consideration of all parameters is considerably difficult if approached
by conventional means. To this end, it is necessary to devise a new alternative
that permits by passing detailed consideration of the complexity of the process.
Additionally, this alternative approach should allow harnessing the complexities of
texturing to generate a deterministic design output in the natural sense. That is a
surface that self-adapts to changing external contact conditions, and may be able
to optimize the tribological response based on intrinsic features rather than external
modifiers. To devise the alternative approach one has to define precisely the function
of the desired surface. This, in principal, determines the objective of the design
process and assists envisioning the final output.

The ultimate function of cylinder bore texturing is to reduce friction between the
piston and cylinder walls while reducing the friction stresses on the oil film used in
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lubrication. This goal is mainly achieved through optimized topographical features
of the rubbing surfaces. The mechanistic principle that aids in friction reduction
is minimization of contact between cylinder and piston. Once minimization takes
place, the overall frictional forces reduce, and damage reduces as well. However,
due to sliding, wear will take place. This will alter the contact conditions because
of the induced changes in topography. The required surface has to maintain optimal
sliding performance despite topography modifications. That is, the texturing has to
self-adapt to induced changes in sliding conditions. Through this adaptation, the
surface will maintain optimal performance within an envelope of conditions rather
than achieving peak performance at a point. Such a requirement is a characteristic of
natural systems. As such, inspiration for the envisioned texture has to originate from
a natural system analogue. Squamate reptiles are major inspirations in that context.
They present diverse examples where surface structuring, and modifications through
submicron and nanoscale features, achieves frictional regulation manifested in
reduction of adhesion [11], abrasion resistance [12], and frictional anisotropy [13].

Squamata comprises two large clades, Iguania (about 1,230 known species) and
Scleroglossa (about 6,000 known species), 3,100 of which are traditionally referred
to as “lizards,” and the remaining 2,900 species as “snakes” [14]. Squamates have
a wide distribution all over the planet. They are found almost everywhere on earth
except where factors that limit their survivability are present (e.g., higher altitudes
where very cold temperatures are predominant year round). Their ecological
diversity, and thereby their diverse habitat, presents a broad range of tribological
environments, many of which are hostile in terms of sliding and contact conditions.
Such a situation requires specific tribological response that manifests itself in
functional practices and surface design features. As such, squamates offer a great
resource that can be mined for viable surface design inspirations, which address
a wide spectrum of technical problems, faced in MES. Many studies describe
appearance and structure of skin in Squamata [15–18]. Studies also describe the
geometrical features and the evolution of functional adaptability of many species
[19]. Tribological performance of the snake clade was also a subject of many
studies in biology, herpetology, and engineering [20]. Researchers have studied the
mechanical behavior of snakeskin [21, 22]. Design of bioinspired robots inspired
several investigations of snakes to understand the mechanisms responsible for
regulating legless locomotion [23]. The design of light-weight high-resolution
infrared sensors prompted the study of light detection in vipers [24]. Hazel et al.
[13] probed some of the nanoscale design features of three snake species. The
authors documented the asymmetric features of the skin ornamentation to which
both authors attributed frictional anisotropy. Shafiei and Alpas [25, 26] reported
that snakeskin replicas provide anisotropic tribological properties that minimize
frictional interaction. Such an effect, these authors argue, stems from the asymmetric
shape of the protrusions at the ridges of the skin’s scales. Functional adaptation and
morphing of snake ornamentation was also subject to several studies. The results
attribute adaptation to the presence of submicron- and nanosized fibril structures
acting to modify friction and adhesion during locomotion.
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Snakes are limbless animals. They have multimodes of motion (slithering,
crawling, serpentine movement, etc.) that take place during propulsion. Such
motion modes are initiated through muscular activity, that is, through a sequence
of contraction and relaxation of appropriate muscle groups. Transfer of motion
between the body of the snake and the substrate depends on generation of sufficient
tractions. This process, generation of traction and accommodation of motion, takes
place through the skin. Thus, the skin of the snake assumes the role of motion
transfer and accommodation of energy consumed during the initiation of motion.
The number, type, and sequence of muscular groups responsible for the initiation
of motion, and thus employed in propulsion, will vary according to the particular
mode of motion initiated. It will also depend on the habitat and the surrounding
environment. This will also affect the effort invested in initiation of motion and
thereby affects the function of the different parts of the skin and the amount of
accommodated energy. Therefore, in general, different parts of the skin will have
different functional requirements. Moreover, the life habits of the particular species,
for example, defense, hunting, and swallowing) will require different deterministic
functions of the different parts of the skin.

In a recent study, Abdel-Aal et al. [27] used a multiscale surface analysis
technique to decode the design features of shed skin obtained from Python regius
(Ball Python). Results pointed at the importance of localized surface design where
surface topology, texture, and form vary in accordance with specific functional
requirements of different zones along the body. Moreover, the metrological features
of the shed skin revealed a multiscale nature of the topographical makeup of the
surface, with each scale targeted at optimal function at a particular scale of contact.
This customization strongly relates to optimized performance in terms of minimized
surface damage and possible economy of energy consumed in combating frictional
tractions during locomotion.

The principal idea of artificial texturing is to enhance the sliding performance of
a cylinder by imposing a geometrical pattern on the external layer of the liner. That
is to create a predetermined geometrical ornamentation on the contacting surface
of the cylinder liner. Texturing of the surface results in the creation of a protrusion
above the surface, plateau, and a channel between any two protrusions, groove.
Together, the plateau and the groove form a tribological subsystem that helps reduce
the destructive effects of sliding between piston and cylinder. The grooves, in
principal, are supposed to retain remnants of the lubrication oil during piston sliding
and thereby they can replenish the lubrication film in subsequent sliding cycles.
The plateau, meanwhile, is supposed to provide raised cushions (islands) that the
piston will contact upon sliding, so that reduction of the total contact area takes
place. A system of such nature is multiscale by default in the sense that the basic
metrological characteristics of a honed surface will have values that depend on the
scale of observation. It is this fact that renders the design of a honed surface inspired
by the metrological features of a Python surface technically attractive. Multiscale
features of conventional textured surfaces achieve optimal performance within a
narrow domain of triboconditions, whereas multiscale features of the Python are
optimized for a considerably broader range of rubbing situations. As such, if we
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understand the topology and construction of the Python skin, and their relation to
the superior sliding performance of the reptile, then the same design principles may
be applied to devise a textured surface of optimized performance within a broad
domain of operation conditions.

This chapter details an effort to deduce design rules that allow the construction
of bioinspired deterministic surfaces. We draw analogy between the topographical
features of the Python regius shed skin and those of typical honed surfaces. The
scope of the presentation is limited to the metrological analysis of the topographical
features rather than delving into the consequence of the surface geometry on
frictional response. The presentation proceeds as follows: In the first part, we
provide background information about the species under study, its biological
features, skin morphology, and essential features of the skin-shedding process. The
second section of the chapter details microscopy observations of the shed skin.
Further, we report on the metrological aspects of the shed skin topography within the
second section. The final part of the chapter presents a comparative analysis between
the topographical features of the shed skin and those of typical honed surfaces. Here
we identify the differences between natural surface texturing and that implemented
through conventional approaches.

4.2 Background

4.2.1 The Python Species

Python regius (Fig. 4.1) is a constrictor type nonvenomous snake species that
typically inhabits Africa. An adult snake may become 90–120 cm long. Females
tend to be rather larger than males. They may become 120–150 cm long. The build of
the snake is nonuniform as the head–neck region, as well as that of the tail, is thinner
than the trunk region. Meanwhile, the trunk is the region of the body where most of
the snake body mass is concentrated. It is thicker than other parts. The tail section
is rather conical in shape (Fig. 4.1a). The overall cross section of the body is more
elliptical than circular and the perimeter of the cross section is not uniform along the
body. The ventral (stomach) part of the body is typically cream or extremely light
yellow in color with occasional black spots scattered within (Fig. 4.1b, d). Skin of
the Python contains blotches imposed upon an otherwise black background. Shape
of the blotches is nonuniform and their colors are dark and light brown (Fig. 4.1c).
Form of the body reflects on the contact behavior while sliding. The head will
establish minimal contact and so will the tail. The trunk section, however, will be
the region where most of the contact interaction takes place. In addition, due to
the nonuniform shape, most of the weight of the animal will be concentrated in the
trunk section. Consequently, the trunk will constitute the section where most of the
volume of the snake establishes contact with the substrate upon sliding. This implies
that the skin within the trunk section will accommodate generation of tractions due
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Fig. 4.1 General appearance of the Python regius. (a) Major regions of the body classified from
a locomotion and contact mechanics point of view. Note the nonuniform distribution of the body
cross-sectional perimeter andthat the head and tail sections are slender compared to the trunk.
(b) Ventral side of the snake which is cream in color. (c, d) Dorsal blotches and ventral black spots

to muscle contractions and also will exhibit the effect of the frictional tractions that
resist locomotion.

Scales of various shapes and sizes cover the skin. The scales form by differen-
tiation of the underlying skin (the epidermis). The number, arrangement, size, and
shape of the scales vary greatly from one species to another, but are genetically fixed
for each species. A snake within a particular species will hatch with a fixed number
of scales. The number of scales neither increases nor decreases as the snake matures.
Scales, however, grow larger to accommodate growth and may change shape
with each molt. Therefore, the patterns of scalation provide simple and accessible
recognition characteristics for the taxonomic classification of snake species. The
simple body scales overlap one another slightly. Further, a thin interscale layer of
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skin tissue continuously links them. Snakes periodically molt their scaly skins and
acquire new ones.

4.2.2 Structure of Snake Skin

The skin of a snake is a complicated structure. Normally, it contains two generations
of skin (see Fig. 4.2 for illustration). The figure shows an “outer generation layer”
and an “inner generation layer.” The first represents the layer of skin that is about
to be shed. The second represents the layer about to replace the shed skin. Both
layers are of the same compositional structure. Like that of many vertebrates, it
has two principal layers: the dermis, which is the deeper layer of connective tissue
with a rich supply of blood vessels and nerves, and the epidermis, which in reptiles
consists of up to seven sublayers or “strata” of closely packed cells, forming the
outer protective coating of the body [28]. The “epidermis” has no blood supply, but
its inner most living cells obtain their nourishment by the diffusion of substances to
and from the capillaries at the surface of the “dermis” directly beneath them.

The epidermis is the layer that directly contacts the surroundings. There are seven
epidermal layers as shown in Fig. 4.2. The “stratum germinativum” is the deepest
layer lining. It contains cells that have the capacity for rapid cell division. Six layers
form each “epidermal generation” (the old and the new skin layers).

These are the clear layer and the lacunar layer, which matures in the old skin
layer as the new skin is growing beneath. The alpha (˛)-layer, the mesos layer, and
the beta (ˇ)-layer consist of cells that get keratinized with the production of two
types of keratin (’ and “ keratin). These cells are thus being transformed into a hard
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Fig. 4.2 Schematic illustration of a generalized epidermis of a squamate reptile. Two layers are
shown: the outer generation layer that represents the skin layer about to be shed and the inner
generation layer that represents replacement of the shed layer
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protective layer. The final layer is the “oberhautchen” that constitutes the strongest
outermost layer. It consists of a highly cornified (keratinized) surface, which is
covered by a microscopically fine pattern of keels that is a species characteristic.
The basale membrane separates the epidermis from the true inner skin (cutis or
corium). The cutis consists of a more open and a more solid layer of connective
tissue in which there is collagen and elastic fibers.

4.2.3 Skin Shedding

In most mammals, the structure of the epidermis is less complex and the outermost
dead skin cells are constantly flaking off; this protective layer constantly replenishes
from below. The deepest layer of cells, the “stratum germinativum,” is constantly
dividing and multiplying, so the layers are on the outward move [28]. In reptiles,
however, this cell division, in the “stratum germinativum,” only occurs periodically
[29], and when it does, all the layers above it, in the area where the cell division
occurs, are replaced entirely. That is, the reptile grows a second skin underneath the
old skin, and then “sheds” the old one. About 2 weeks before the reptile sheds its
skin, the cells in the stratum germinativum begin active growth and a second set
of layers forms slowly underneath the old ones. By the end of this time, the reptile
effectively has double skin. Following such a process, the cells in the lowest layers
of the old skin, the clear and the lacunar layers, and the Oberhautchen layer of the
skin below undergo a final maturation and a so-called shedding complex forms.
Fluid is exuded and forms a thin liquid layer between them. This gap between the
two skins gives a milky appearance to a shedding reptile. Enzymes, in this fluid,
break down the connections between the two layers.

The old skin lifts and the reptile actively removes it. This process is shown in
Fig. 4.3 that depicts a live species undergoing skin shedding. Note the presence of

Fig. 4.3 Photograph of a Python regius during shedding. Two skin layers may be identified: the
old (shed) layer almost milky in color and the new replacement that is shiny. Note the flakey
appearance of the skin within the magnified zone
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two skin layers: the newly generated layer (shinny skin in figure) and the layer that
is being shed (milky or opaque appearance).

4.3 Observation of Shed Skin

4.3.1 Initial Observations

Initial observations of the scale structure were performed using photography of a
live snake and optical microscopy. All observations took place without the treatment
of the skin. Figure 4.4a–e details the surface structure of the live snake. To facilitate
the analysis, we defined two virtual axes on the body of the reptile. The first is
designated as the major longitudinal body axis. This line coincides with the forward
motion of the snake. It is a line centered on the hide of the beast and extends from
the tip of the mouth to the tip of the tail (on the dorsal and ventral sides). The
second axis is a moving transverse axis. This line coincides with slithering motion.
In particular, it coincides with lateral displacements of the body. An illustration of
the axes on the head of the animal, on both sides, is provided in Fig. 4.4a, b.

Figure 4.4a–c details the skin geometry in the head region from the inner side
(sliding side). A general view of the underside of the head is given in Fig. 4.4a,
whereas a general view of the outer side of the head is given in Fig. 4.4b. A close-up
of the head–jaw area from the ventral side is shown in Fig. 4.4c. The photographs
reveal that polygons constitute the geometrical building block of the surface. This
polygon has eight sides, octagon, in the general area of the mouth (represented by
the letter O in the figure). Past a line that joins the eyes, line AA, the pattern of
the skin changes to hexagonal. The hexagonal structure is also dominant within the
outer (upper side) of the head as shown in Fig. 4.4b. The size of the hexagonal cells
differs from that of the octagonal cells. The size of octagons in the mouth region
is not uniform. However, compared with the hexagonal patterns within the throat
region, the area of the unit octagon is apparently greater than that of the hexagonal
unit. Hexagonal cells on the other hand are of uniform shape and size and seem to
be of uniform density per unit area. Within the mouth zone (above the line AA),
the aspect ratio of the octagonal unit cell is, qualitatively, uniform. The major axis
of the polygon, moreover, appears to point in the same direction of the snake.
The uniform distribution of hexagonal cells is likely to aid the compliance of the
surface and increase its flexibility. Such a hexagonal pattern is noted to be the most
efficient way to pack the largest number of similar objects in a minimum space
[30]. Figure 4.4e depicts the surface geometry in the ventral side (general region
of the belly). A hexagonal pattern constitutes the basic building block of the skin.
The size of the hexagons differs around the circumference of the body. Large cells
are particular to the main sliding area, whereas cells of smaller size are particular
to the back and the sides. The aspect ratio of the cells is variable. Of interest is
the orientation of the major axis of the skin unit cells with respect to the major
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Fig. 4.4 Details of scale structure at several positions on the live snake. (a) It presents a
generalized view of the throat–jaw region from the sliding side. (b) It presents a general view
of the outer side of the head. (c) It presents a close-up of the jaw–throat area; here the different
polygon-based structures of the unit building blocks of the skin are identified. Hexagonal cells are
designated H and octagonal cells are labeled O. Note the difference in size between octagonal and
hexagonal cells. (d) It depicts skin structure within the tail section and (e) details the structure
within the ventral side of the trunk. Notice that the hexagonal cells have high aspect ratio and that
the longest diagonal is oriented perpendicular to the major longitudinal body axis

longitudinal body axis. In the head–throat region, the major axis of the cells is
oriented parallel to the body major axis, whereas in the ventral scales, the major
cell axis is perpendicular. Varenberg and Gorb [31] based on experiments on the
hexagonal structures found on tarsal attachment pads of the bush cricket (Tettigonia
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viridissima) suggest that variation in the aspect ratio of hexagonal structures may
alter the friction force of elastomers by at least a factor of two. Additionally, we
propose that the perpendicular orientation of the cells, with respect to the major axis
of the snake, within the main sliding region aids in shifting the weight, and hence
the contact angle and area of the snake upon sliding. Note that since the body of
the snake is of cylindrical shape, the highest curvature of the skin will be oriented
along the major cell axis. As such, upon sliding, the area of contact, and therefore the
total tractions, will depend on the direction of motion (higher sideways and minimal
forward). The orientation of the hexagon axis renders the friction forces anisotropic.
Such an observation is consistent with the findings of Zhang et al. [29] who studied
the frictional mechanism and anisotropy of Burmese Python’s ventral scales. They
reported that the friction coefficient of the ventral scale had close relationship with
moving direction. The frictional coefficient for backward and lateral motion was
one-third higher than that in forward motion.

4.3.2 Optical Microscopy Observations

In snakes, the Oberhautchen layer is in direct contact with the environment and
possesses a fine surface structure called microornamentation [32]. Earlier authors
[32–34] described details of the microornamentation. Initial observations on the
structure of the scales were performed using optical microscopy without any
treatment of the skin. Figure 4.5 depicts the structure of the scales at two positions
within the skin in a region close to the waist of the snake. The first was from the
back (dorsal scale), whereas the second position represented the stomach of the
snake (ventral). Note that although the general form of the cells is quite similar for
both positions, the size of a unit cell within the skin is quite different in both cases.
In particular, the cell is wider for the ventral positions. Each cell (scale) is also

Fig. 4.5 The structure of the scales on the inside of the shed skin at a region close to the midsection
of the species at two orientations: back (dorsal) and abdominal (ventral)
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Fig. 4.6 The details of dorsal scales from the inside of shed skin. The terminology used is
membrane to denote the major area of the scale and boundary to denote the raised part forming the
circumference of the scale

composed of a boundary and a membrane-like structure. Note also the overlapping
geometry of the skin and the scales (the so-called scale and hinge structure). The
skin from the inner surface hinges back and forms a free area that overlaps the base
of the next scale, which emerges below this scale (Fig. 4.5b).

Figure 4.6a–c provides details of the ventral scales. It is noted that the edges
of the ventral scales are not straight. Rather, they are curved in the head tail plane
with the curvature concave toward the direction of the head (the arrow labeled H in
Fig. 4.6a). The overlapping arrangement of the scales and the existence of the elastic
connecting tissue are shown in Fig. 4.6b. The figure indicates that the curvature of
the leading edge of any one scale (the edge toward the head side) is larger than that
of the trailing edge (Fig. 4.6b). A close-up of the hinge region between two cells is
depicted in Fig. 4.6c. The hinge is made of the connecting elastic tissue. Note the
crisscrossed pattern that distinguishes the elastic tissue area. Note also the size and
pattern of the elastic connector tissue (termed as the membrane in Fig. 4.6c) and
how it surrounds individual cells.

4.3.3 Scan Electron Microscopy Observations

The shape of the Python, as shown in Fig. 4.1a is essentially nonuniform. The
perimeter of the cross sections of the along the body are not equal. In addition, the
build of the snake is essentially stocky. As a consequence, the mass of the animal
will mainly be concentrated in the middle section of the trunk and the vicinity. Such
a form reflects on the sliding behavior of the beast and on the reaction forces that
the snake will experience during sliding. To this end, we can consider that the bulk
of the friction-induced tractions will affect the region where most of the body mass
is concentrated.

A consequence of such a preposition is that the extremes of the trunk region,
namely, the neck and the tail regions, will exhibit different friction loading and
will undergo different sliding contact mechanics than the bulk of the trunk region.
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Fig. 4.7 Positions chosen on the shed skin of snake for the observation and characterization of
dimensional metrology. Roman numerals indicate principal load-bearing transition regions on the
hide of the snake

Table 4.1 Relative position of skin samples chosen for observation and surface parameter
evaluation
Position 1 I 2 3 II 4 5 III 6 7 8 IV

X=L 0:01 0:15 0:25 0:45 0:55 0:6 0:65 0:75 0:8 0:85 0:9 0:975

This, in turn, requires, from a functional design point of view, that the local surface
geometry and topographical features within the two extremes of the trunk be
distinctly different than those of the midsection. In this sense, an analogy between
the body of the snake and the surface geometry of a cylinder bore may be developed.
Such an attempt draws upon the positions that a piston assumes while sliding during
a combustion cycle of an ICE.

In an ICE, a piston assumes three positions. These are the top dead position
(TDP), the bottom dead position (BDP), and the mean position (MP). Each of these
positions has a distinct lubrication requirement due to the manner that the piston
engages the cylinder walls. Further, the local lubrication mechanism operating in
each position is different. This, in turn, requires that the local surface texture be
compatible with the lubrication regime necessary to maintain proper function and
minimize damage. Similar to a snake, the cylinder requires different textural features
at the extremes, top, and bottom of the sliding stroke. An analogy is, thus, drawn
between the main section of the trunk and the MP. Similarly, the TDP and the
BDP are compared to the boundaries of the neck–trunk and the trunk–tail regions,
respectively.

To evaluate the parameters of the skin, we identified 12 points on the reptile hide.
These are shown in Fig. 4.7. The general location of the selected skin samples are
labeled by roman numerals. Table 4.1 presents a summary of the nondimensional
position of each area chosen for analysis. The values expressed as x=l entries were
obtained by referring the actual distance between the centroid of the respective
ventral scale and the nose tip of the reptile to the total length of the snake. Thus,
the x=l value represents the distance from the nose point, N , to the centroid of
the particular ventral scale divided by the distance from the nose to the tail point,
which is roughly about 11,270 mm. The roman numerals in the figure denote key
locations on the hide from which skin swatches were selected for SEM observations.
The points denoted I and IV identify ventral scales located at the top and bottom
boundaries of the trunk section, respectively. Thus, point I identifies a ventral scale
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roughly located within the TDP region and point IV identifies a scale located within
the BDP region. Points II and III meanwhile refer to scales located on the front
half of the skin and the rear half of the skin, respectively. Both scales, however, are
located within the MP region.

Skin swatches from each of the chosen positions were examined at different
magnifications .X D 250�X D 15;000/ in topography mode. In order to suppress
charging phenomena and improve the quality of observation, the surface of each
sample was coated with a 10-nm-thick layer of platinum (Pt) using a sputter coater
(EMITECH K575X).

For each position, samples from the dark- and the light-colored skin (see Fig. 4.5)
were also examined along with samples from the underside of the body. Major
features of the observations are shown in Figs. 4.8 and 4.9.

Figure 4.8a–e depicts SEM micrographs taken at a magnification of X D 250,
whereas Fig. 4.9a–e provides the micrographs of the same skin swatches depicted
in Fig. 4.8 at a magnification of X D 250. Thus, the pictures provided in Fig. 4.9
are at one-to-one correspondence with those provided in Fig. 4.8. The scale marker
in Fig. 4.8 is 100�m and that in Fig. 4.9 is 5�m. Photographs of two positions
are depicted in the figures. In both figures, the left-hand side columns (labeled a, c,
and e) depict photographs of a zone located within the center of the boundary of the
cell (i.e., within the elastic connector tissue between two cells). The pictures labeled
(b, d, and f), within both figures, detail zones within the scale membrane. From top
to bottom, within each figure, the photographs labeled a and b depict details of the
ventral scales, those labeled c and d depict scales within the bright (light) dorsal
skin, and finally, those labeled e and f provide details of scales within the dark skin.

Figure 4.8 reveals a grainy appearance of the scale boundary irrespective of the
side of the body (dorsal or ventral). The membrane structure, on the other hand,
reveals a wavy appearance at the low magnification. This grainy appearance, within
the scale boundary, manifests microprotrusions that appear to be of random shape
and distribution. Size and volume of these protrusions appear to be quasi-uniform.
The protrusions at this scale appear to be manifest folds within the elastic tissue.
The wavy appearance of the membrane, however, appears to be in an overlapping
arrangement. The spacing between waves seems to be more compact on the dorsal
scales (Fig. 4.8d, f) than the spacing within the ventral scales (Fig. 4.8b).

Figure 4.9 reveals that the protrusions within the scale boundaries are approxi-
mately hemispherical (or at least concave clusters) and comprise pores. The space
between the waves in the ventral scales, as well as the located dorsal scales, is also
full of pores. Dorsal scales located within the dark skin do not appear to contain
pores. Two types of pores (or micropits) may be distinguished: those located within
the boundary and those located within the membrane. Image analysis of the pictures
indicates that the diameter of the boundary-pores ranges between 200 and 250 nm.
The diameter of the membrane-pores was estimated by Hazel et al. [13] using AFM
analysis to be in the range of 50–75 nm.

The surface of the membrane also comprises micro-nano-fibrile structures. These
are not of consistent shape and spacing. Note, for example, that the shape of fibril
located in the dark-colored skin region is different than that located within the
light-colored skin region (compare the X -5,000 pictures). The fibrils within the
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a-ventral scales- Scale boundary b-ventral scales: Membrane 

c-dorsal scales- light skin boundary  d-dorsal scales- light skin Membrane 

e-dorsal scales- dark skin boundary  f-dorsal scales- dark skin Membrane 

Fig. 4.8 Major features of SEM observations of the skin swatches. Magnification used is X-250
and the scale bar is 100�m. (a) Ventral scales – scale boundary. (b) Ventral scales – membrane. (c)
Dorsal scales – light-skin boundary. (d) Dorsal scales – light-skin membrane. (e) Dorsal scales –
dark-skin boundary. (f) Dorsal scales – dark-skin membrane

dark-colored scales are longer than those located within the dorsal bright skin and
within the ventral scales. The width of the fibrils, in both regions, appears to be
different. Fibril tips are pointed toward the tail. Within the dark dorsal scales, fibrils
are tapered and have a sharp tip. Scales within the bright-colored and the ventral
regions have a more rounded tip and appear to be of uniform width throughout the
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a-ventral scales-Scale boundary b-ventral scales: Membrane

c-dorsal scales-light skin boundary d-dorsal scales-light skin Membrane

e-dorsal scales-dark skin boundary f-dorsal scales-dark skin Membrane

Fig. 4.9 Major features of SEM observations of the skin swatches at a magnification of X D
5;000. The scale marker is 5�m. Pictures are in one-to-one correspondence with those provided
in Fig. 4.10. (a) Ventral scales – scale boundary. (b) Ventral scales – membrane. (c) Dorsal
scales – light-skin boundary. (d) Dorsal scales – light skin membrane. (e) Dorsal scales – dark
skin boundary. (f) Dorsal scales – dark skin membrane

fibril length. Moreover, the density of the fibrils seems to be different within the
different color regions (denser within the dark-colored region).

For each point shown in Fig. 4.7, a series of five SEM pictures at different
locations within the particular ventral scale was recorded. The pictures were further
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membrane (hinge) of the snake scales as a function of: distance along the MBLA, position of
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analyzed to obtain fibril geometric information (counts, distance between fibrils, and
length of individual fibrils). The average (arithmetic mean) of the information sets
of the selected ventral scales were then plotted against the nondimensional distance.
Here we present the variation in the distance between waves of fibrils. To verify
this observation, we measured the distance between rows of fibrils (wave spacing)
from SEM micrographs taken at each of the positions depicted in Fig. 4.7. In all, 12
positions were examined.

Figure 4.10 presents a plot of the internal spacing, �, (distance between fibril
rows in micrometer) as a function of the nondimensional distance X=L. Location
on the skin may be obtained by comparing the X=L values to entries in Table 4.1.
Internal spacings in the figure represent the average of five separate measurements
within different regions of the same SEM picture. As such, each data point in
the figure is actually an average of 25 readings on the individual ventral scale.
Approximate boundaries of the trunk are located within the shaded rectangle in
the plot. The markings TDP, MP, and BDP refer to the same regions identified in
Fig. 4.10.

Data from the figure indicate that the distance between fibril waves vary between
3:5 < l < :4:8�m in the ventral scales. The variation of that distance within the
dorsal scales is 2 < � < 3�m and 1:5 < � < 2:4 �m for the light-colored
and dark-colored dorsal skin, respectively. The shorter spacing is roughly located
within the non-load-bearing portions of the body (i.e., the head and tail sections).
The distribution of the separation distance � along the body is not uniform. The
internal spacing is larger within the general region of the trunk. The maximum
spacing is roughly located within the middle section of the trunk (MP-S). It is
to be remembered that the arrangement of the fibrils does not constitute straight
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lines. Note that the internal spacing between different rows of fibrils also differs
by skin color and position within the body in the order �ventral > �dorsal light skin >

�dorsal dark skin.
Further analysis of images revealed that the density of the boundary pores vary

by position. The number of pores per unit area is not constant along the body. It
changes relative to the position within the skin. Figure 4.11 is a plot of the variation
in the density of the pores relative to the two sides of the skin (back-dorsal scales
and abdominal-ventral scales) and in relation to the color of the skin (light patches
vs dark patches) within the back also.

Density of pores was obtained from SEM micrographs by counting the pores in
the picture and dividing by the area of the region scanned by the picture. Each point
in the graph is an average of five counts taken from five different SEM observations
of regions located within the same general area of analysis. Consistent with the
trend noted in Fig. 4.10, the plot indicates that the pore density is higher in the order
ventral > dorsal light > dorsal dark.

4.4 Metrology of the Surface

4.4.1 Topographical Metrology

To characterize the surface topography of the skin, we selected several swatches
of skin .1;500�m � 1;500�m/ for examination using white light interferometry
(WLI). The results yielded the basic parameters that describe the surface (asperity
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Fig. 4.12 Multiscale WLI graphs depicting the topography of the skin building block (scale)
boundary and membrane

radii and curvature etc.). Figure 4.12 depicts a typical WLI graph of the skin. The
shown inteferogram pertains to a skin spot that is located along the waist of the
snake from the belly side (ventral). Two interferograms are depicted: the one to
the right-hand side of the figure represents the topography of the cell membrane,
whereas the one depicted to the left represents a multiscale scan for the whole
skin swatch. Note the scale on the right of the pictures as it indicates the deepest
valley and highest point of the skin topography. For these skin swatches, the value
of the deepest part of the membrane was about 120�m, whereas the highest summit
is about 100�m. The comparable values for the whole swatch are about 5.5 and
8:2 �m, respectively. These initial observations prompted the study of the so-called
Abbott–Firestone load-bearing curve at different locations within the skin.

4.4.2 Bearing Curve Analysis

Surfaces, irrespective of their method of formation, contain irregularities or devi-
ations from a prescribed geometrical form. The high points on the surfaces are
referred to as asperities, peaks, summits, or hills and the low points as valleys.
When two rough surfaces acted upon by a normal force come into contact, the
opposite surface peaks to make contact first, are those for which the sum of the
heights is the longest. As the load is increased, new pairs of opposite peaks having an
even smaller sum of heights will be coming in contact. Once in contact, the surface
peaks become deformed. This deformation leads to an increase in the contour area
of contact, and as a result, to an increase in the number of peaks sustaining the load.
Since the peaks differ in height, the deformation of various peaks on one hand the
same surface will be different at any instant of time. The irregularities of the mating
surfaces are out of contact over a considerable portion of the apparent contact area
because of surface waviness and form errors. However, only of a fraction of the
apparent area establishing the contact will actually bear a load. A question that



4 Reptilian Skin as a Biomimetic Analogue 71

arises in such a situation is: given a known surface roughness profile, how can we
calculate the area that actually supports a load? The answer is normally formulated
in terms of a so-called load bearing area curve (also known as the Abbott–Firestone
load curve (AFLC)). The idea of that curve is to calculate the probability of a
roughness protrusion to of a given height establishes true contact with a virtually
smooth surface. Computing such a probability for a series of heights that sufficiently
describe the surface, from a statistical point of view, yields a probability density
distribution that relates to the true profile of the surface. Upon integrating this
distribution with respect to surface height, we obtain the AFLC [35–37]. Study of
the AFLC yields a worthy prospective of the potential behavior of a given surface
upon sliding and the potential for damage through wear. Figure 4.13 presents the
AFLC for three ventral scales on the live snake. These are highlighted in the

2

Fig. 4.13 Plot of the Abbott–Firestone load-bearing curve for three ventral scales, 1 – middle
section of the trunk, 2 – neck-trunk boundary, and 3 – tail section
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photographs labeled 1, 2, and 3 in the figure. The picture labeled 1 depicts a ventral
scale located in the middle section of the trunk (MP region). The picture labeled
2 depicts a ventral scale located within the general area of the throat-neck (TDP
region). Finally, the photograph labeled 3 depicts a ventral scale located within the
tail section. Plots in the figure are labeled accordingly.

The plot reflects the symmetry of the ventral scales. The individual plots are
rotationally symmetric around the vertical axis (percentage data cut). On the other
hand, there is a significant difference in the load-bearing capacity of the middle
section, position 1, and the other two regions (2 and 3). This is interesting as
it supports the customization in natural design. As mentioned earlier, position
1 represents the zone where the bulk of the mass of the snake is contained. It
also represents the region, within the ventral side of the snake, where most of
the frictional tractions generated while locomotion is likely to be concentrated. In
contrast to this region, zones 2 and 3 are not likely to be as loaded. Consequently, the
probability of sustaining severe damage in sliding is not prominent. From a design
point of view, there is no requirement to enforce the thickness of the surface. It
is also apparent from the figure that different zones within the skin have variable
surface profile parameters that are specific to their frictional profile.

Further analysis shows that the AFLC yields predictive information about
sliding performance. The predictions formulate standardized surface-functionality
assessment parameters. Of interest in this presentation is the so-called Rk family of
parameters [38–40] and their equivalent CNOMO counterparts [41].

We studied the load-bearing characteristics of the skin at each of the key
positions (I through IV). Surface parameters were extracted from SEM topography
photographs. The complete set of analyzed pictures provided a matrix of roughness
parameters that describe the texture of the shed skin at variable scales ranging from
X -100 to X -5,000. Table 4.2a, b provides a summary of the parameters extracted
from the analysis. It can be seen that the scale of the analysis affects the value of the
parameters, which may point at a fractal nature of the surface.

Comparing the ratios between the reduced peak heightRpk, core roughness depth
Rk and reduced valley depth Rvk reveals symmetry between the positions (compare

Table 4.2 Effect of magnification on surface parameters as deduced from SEM micrographs

Cr=Cf Cl=Cf Rpk=Rk Rvk=Rk Rvk=Rpk

(a) Surface parameters based on X-250 pictures
Position I 0:718 0:861 0:391 0:159 1:144

Position II 2:011 2:010 0:612 0:545 0:656

Position III 2:066 1:628 0:733 0:436 0:621

Position VI 1:388 0:926 0:617 0:195 0:749

(b) Surface parameters based on X-5,000 pictures
Position I 1:930 1:207 0:654 0:285 0:679

Position II 1:273 1:803 0:478 0:404 0:812

Position III 1:671 1:622 0:484 0:359 0:800

Position VI 1:772 1:158 0:636 0:260 0:688
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Fig. 4.14 Plot of the ratio of the load-bearing parameters Rvk=Rk and Rpk=Rk at two magnifica-
tions X-250 and X-5,000

the columns Rpk=Rk; Rvk=Rk, and Rvk=Rpk of Table 4.2b, and Fig. 4.14a, b).
This symmetry is interesting on the count that positions II and III represent the
boundaries of the main load-bearing regions (trunk). This is the region within
the body where the snake has most of its body weight concentrated (refer to
Fig. 4.5). Thereby, it is the region that is principally used in locomotion. The
symmetry in surface design ratios is more apparent at higher magnification (X -
5000). This implies that the symmetry is more significant at small scale, which
points out at the uniformity of the surface basic building blocks at smaller sizes.
Such symmetry may very well be related to the wear resistance ability of the surface
or to the boundary lubrication quality of locomotion. It is of interest to find whether
implementing a surface of such characteristic parameters (functionally textured
surface) in plateau honing, for example, would be conducive to an antiscuffing and
economical lubricant consumption performance.

The motivation for such a proposal stems from identification of the common,
functional and geometrical, features between the surface of the Python and that of a
honed surface.

4.5 Correlation to Honed Surfaces

The principal idea of honing is to enhance the wear and sliding performance of
the cylinder liner by imposing a geometrical pattern on the external layer of the
liner, that is, to create a predetermined geometrical (artificial ornamentation) on the
contacting surface of the cylinder liner.

The texturing of the surface has two basic components: a raised protrusion
called “plateau” and an entrenched component known as a “groove.” Together,
the plateau and the groove form a tribological subsystem that aids in reducing the
destructive effects of sliding between piston and cylinder. The grooves, in principal,
are supposed to retain remnants of the lubrication oil during piston sliding and
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thereby they can replenish the lubrication film in subsequent sliding cycles. The
plateau, meanwhile, is supposed to provide raised cushions (islands) that the piston
will contact upon sliding, so that the total contact area is reduced. A system of such
nature is multiscale by default. That is, the basic metrological characteristics of a
honed surface will have values that depend on the scale of observation. Referring
to Figs. 4.2 and 4.3, one would notice that on a large scale, that of human eye
observation, the texture of the skin of a Python resembles that of a honed surface.
Indeed, one observes the existence of “plateaux” (hexagonal dorsal and ventral
scales) and grooves (boundaries between scales). Knowing the superb tribological
performance of the Python, a comparison of metrological characteristics between
skin and a honed surface seems in order.

One of the major requirements for an optimal honed surface is connectedness.
Through perfect connectedness between all the surface unit-texture features, high
lubrication quality, and economical lubricant consumption, is supposed to take
place. Economical oil consumption, in essence, takes place because of controlled
bearing curve surface features (e.g.,Rpk andRvk). To date, there are no standardized
values of relevant surface parameters to ensure superior performance of a honed
cylinder liner. Instead, each manufacturer has in-house set of ranges that surface
parameters are supposed to fall within for quality performance. To this end, a
comparison between the basic metrological features of a Python skin and those
of, medium-quality surface (say) would highlight, at least qualitatively, an optimal
range of the geometrical proportions should be maintained within a high-quality
performing surface.

To compare skin and honed surface, segments of a commercial unused engine
prepared by a sequence of honing processes were examined. Details of surface
preparation sequence of operations and properties of the material are summarized in
Table 4.3. Figure 4.15a, b depicts two SEM micrographs of one of the segments used
for comparison with skin at two magnifications (X -250 and X -5,000). All pictures
were obtained after cleaning the surfaces by acetone in an ultrasonic bath. To obtain
surface geometry parameters, each SEM micrograph was analyzed using the same
program that is used to analyze the skin samples.

Results of the analysis are given in Fig. 4.16a, b compared to those extracted from
the skin of the Python. The figure depicts metrological surface parameters calculated
at two scales of observation: X -250 and X -5,000. The parameters designated
Python were obtained by averaging the values of the particular ratio of the zones II
and III on the Python skin (refer to Fig. 4.5 and the values presented in Fig. 4.16a, b
along with Table 4.2). The plateau-honed surface (designated as PH in figure) is
classified as a so-called grade three surface [41]. According to the standard adopted
in this case, such a surface, while not a superior finished surface, is still acceptable
from a quality control point of view. As such the comparison made in Fig. 4.16 is
between the geometrical surface proportions of the main sliding zone in the Python
(zones II and III) and the parameters of an average quality surface that is applied in
real practice.
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Table 4.3 Surface parameters for different regions within the skin as deduced from WLI
interferograms

Position within skin Rk (nm) Rpk (nm) Rvk (nm) Rpk=Rk Rvk=Rk Rvk=Rpk
Bearing curve parameters

Ventral outside (exterior) 975:08 705:3 438:55 0:723 0:449 0:622

Close to tail inside 1;126:53 409:91 419:8 0:364 0:373 1:024

Close to waist inside 3;671:12 2;690:06 4;101:7 0:733 1:117 1:525

Close to waist outside 4;757 2;458:51 3;197:23 0:517 0:672 1:30

Major surface roughness variables
Position within skin Ra(nm) Rq(nm)
Ventral inside 357.96 477.89
Close to tail inside 337.04 426.35
Close to waist

inside (dorsal) 1,50 2,790
Close to waist

outside (dorsal) 1,590 2,140

Honed Surface Building Blocks
(Parallelograms)

lubricant m icro-groove

a b

Fig. 4.15 SEM micrographs of a cylinder liner sample used for comparison with the Python skin,
X-250 – left-hand side picture and X-5,000 – right-hand side picture
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To establish a qualitative reference for analysis, we recall the relation of each
of the surface parameters Rpk; Rvk, and Rk to surface performance in sliding. Rpk

is related to the amount of the surface that will be worn away during the run-in
period, which is preferred to be at a minimum. Rk relates to the working portion
of the surface that will carry the load after the run-in period, which is preferred
to have a relatively higher value. Rvk meanwhile relates to the lowest portion
of the surface that will retain lubricant, which for minimum oil consumption is
required to be relatively high. As such, again qualitatively, the ratio Rpk=Rk should
be in the neighborhood of 0.5 or less, Rvk=Rk should be relatively smaller than
unity at or around 0.5, and Rvk=Rpk should be relatively high at or around unity
or slightly higher. Again we emphasize that such limits are qualitative estimates
for the sake of comparison. Thus, proceeding from these estimates, one would
notice that the Python skin is slightly off the target limits at large scale (X -250).
An opposite trend, however, is noted on smaller scale (X -5,000). Interestingly,
however, while the ratio Rpk=Rk is almost within qualitative limits for the honed
surface at large scale (X -250), it significantly departs from that limit at smaller
scale (X -5,000). The opposite is noted for the ratio Rvk=Rpk. Such an observation
prompted the calculation of the percentage of change in the three examined
geometrical proportions as a function of scale of observation. Results are plotted
in Fig. 4.17.

It has been observed that the Python skin has uniform, and minimal, variation in
the surface geometrical proportions than the honed surface. For the honed surface,
the ratio Rpk=Rk shows the largest variation. Such a wide variation may affect
performance of the honed surface at very small scale by affecting the connectedness
of the microgrooves and thereby the unobstructed flow of the lubricant while sliding.
Observation scale is shown in Fig. 4.17. There are many similarities between the
honed surfaces and the geometry of Pythons and snakes, in general, that warrant
additional studies.
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The geometry of a honed surface, its texture and ornamentation, is introduced
through the action of the honing tool. The pattern comprising the surface texture,
similar to that of the skin of a Python, is composed of small-size building blocks.
In a honed surface, the basic surface unit is a four-sided polygon, a parallelogram,
whereas in the Python skin, it is mainly a hexagon that differs in the aspect ratio
according to location within the body. Similar to a Python, the parallelograms in a
honed surface protrude above the main surface. For optimal performance, a major
requirement for honed surfaces is perfect connectedness of between all the grooves
separating the unit surface texture building blocks. Perfect connectedness ensures
unobstructed oil flow for lubrication of sliding surfaces and retention of oil to
replenish the surface with lubricant to ensure separation of surfaces upon contact.
Perfect connectedness is a major feature of the Python skin as was observed in Figs.
4.4–4.6. Connectedness is also ensured at a smaller scale that renders the Python
skin more appropriate than that of the honed surface examined. An additional
criterion for an optimal honed surface is the absence of wear debris, that are of
the same or larger width than the groove, within the grooves. For Pythons, and
snakes in general, maintaining skin cleanliness depends on preventing debris from
the environment, or dust particles from clogging lipid passages within the body.
The mechanism responsible for this function in a snake depends on the consistency
of geometry and metrology of the skin surface. Such consistency is evident from
the trend of change in proportions of the main surface parameters as a function of
magnification.

4.6 Conclusions and Future Outlook

In this chapter, we presented the results of an initial study to probe the geometric
features of the skin of the Python regius. It was found that the structure of the unit
cells is of regionally similar shape (octagonal and hexagonal).

Although almost identical in size and density, the skin constituents (pore density
and essential size of the unit cell) vary by position on the body. Analysis of the
surface roughness parameters implied a multiscale dependency of the parameters.
This may point at a fractal nature of the surface a proposition that needs future
verification.

The analysis of bearing curve characteristics revealed symmetry between the
front and back sections of the snake body. It also revealed that the trunk region
is bounded by two cross sections of identical bearing curve ratios. This has
implications in design of textured surfaces that retain an unbreakable boundary
lubrication quality and high wear resistance.

Clearly, much work is needed to further probe the essential features of the surface
geometry, namely, the basic parametric make up of the topography and its relation
to friction and wear resistance.
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Chapter 5
Multiscale Homogenization Theory:
An Analysis Tool for Revealing Mechanical
Design Principles in Bone and Bone
Replacement Materials

Christian Hellmich, Andreas Fritsch, and Luc Dormieux

Abstract Biomimetics deals with the application of nature-made “design solu-
tions” to the realm of engineering. In the quest to understand mechanical impli-
cations of structural hierarchies found in biological materials, multiscale mechanics
may hold the key to understand “building plans” inherent to entire material classes,
here bone and bone replacement materials. Analyzing a multitude of biophysical
hierarchical and biomechanical experiments through homogenization theories for
upscaling stiffness and strength properties reveals the following design principles:
The elementary component “collagen” induces, right at the nanolevel, the mechan-
ical anisotropy of bone materials, which is amplified by fibrillar collagen-based
structures at the 100-nm scale, and by pores in the micrometer-to-millimeter regime.
Hydroxyapatite minerals are poorly organized, and provide stiffness and strength
in a quasi-brittle manner. Water layers between hydroxyapatite crystals govern
the inelastic behavior of the nanocomposite, unless the “collagen reinforcement”
breaks. Bone replacement materials should mimic these “microstructural mechan-
ics” features as closely as possible if an imitation of the natural form of bone is
desired (Gebeshuber et al., Adv Mater Res 74:265–268, 2009).
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�r Fourth-order stiffness tensor of phase r
�hom Homogenized fourth-order stiffness tensor
�0 Fourth-order stiffness tensor of an infinite matrix surrounding an

ellipsoidal inclusion
d Characteristic length of the inhomogeneities within an RVE
E Second-order “macroscopic” strain tensor
E p Second-order “macroscopic” plastic strain tensor
e1; e2; e3 Unit base vectors of Cartesian reference base frame
e#; e'; er Unit base vectors of Cartesian local base frame of a single crystal of

hydroxyapatite within extrafibrillar space
fr .� r / Boundary r of elastic domain of phase r in space of microstresses
Nfcol Volume fraction of collagen within an RVE NVexcel

Vfcol Volume fraction of molecular collagen within an RVE VVwetcolNfef Volume fraction of extrafibrillar space within an RVE NVexcelQfexcel Volume fraction of extracellular bone matrix within an RVE QVexvas

fexvas Volume fraction of extravascular bone material within an RVE VcortNffib Volume fraction of mineralized collagen fibril within an RVE NVexcelNfHA Volume fraction of hydroxyapatite within an RVE NVexcel
MfHA Volume fraction of hydroxyapatite within an RVE MVfib
LfHA Volume fraction of hydroxyapatite within an RVE LVef
Lfic Volume fraction of intercrystalline space within an RVE LVef

Vfim Volume fraction of intermolecular water within an RVE VVwetcolQflac Volume fraction of lacunae within an RVE QVexvas

fr Volume fraction of phase r
fvas Volume fraction of Haversian canals within an RVE Vcort
Mfwetcol Volume fraction of wet collagen within an RVE MVfib

HA Hydroxyapatite
� Fourth-order identity tensor
kHA Bulk modulus of hydroxyapatite
kH2O Bulk modulus of water
L Characteristic lengths of geometry or loading of a structure built

up by the material defined on the RVE
` Characteristic length of an RVE
`cort Characteristic length of an RVE Vcort of cortical bone material
`ef Characteristic length of an RVE LVef of extrafibrillar space
`excel Characteristic length of an RVE NVexcel of extracellular bone matrix
`exvas Characteristic length of an RVE QVexvas of extravascular bone material
`fib Characteristic length of an RVE MVfib of mineralized collagen fibril

`wetcol Characteristic length of an RVE VVcol of wet collagen
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N Orientation vector aligned with longitudinal axis of
hydroxyapatite needle

nr Number of material phases within an RVE
n Orientation vector perpendicular to N
RVE Representative volume element
r Index denoting a material phase
�0r Fourth-order Hill tensor characterizing the interaction between

the phase r and the matrix �0

VVcol Volume of molecular collagen within an RVE VVwetcol

Vcort Volume of RVE “cortical bone material”
LVef Volume of RVE “extrafibrillar space”
NVef Volume of extrafibrillar space within an RVE NVexcel
NVexcel Volume of RVE “extracellular bone matrix”
QVexcel Volume of extracellular bone matrix within an RVE QVexvas
QVexvas Volume of RVE “extravascular bone material”
Vexvas Volume of extravascular bone material within an RVE Vcort
MVfib Volume of RVE “mineralized collagen fibril”
NVfib Volume of mineralized collagen fibril within an RVE NVexcel
MVHA Volume of hydroxyapatite within an RVE MVfib
LVHA Volume of hydroxyapatite within an RVE LVef
LVic Volume of intercrystalline space within an RVE LVef

VVim Volume of intermolecular water within an RVE VVwetcol
QVlac Volume of lacunae within an RVE QVexvas

Vvas Volume of Haversian canals within an RVE Vcort

VVwetcol Volume of RVE “wet collagen”
MVwetcol Volume of wet collagen within an RVE MVfib

"r Second-order “microscopic” strain tensor field within phase r
P"r Incremental “microscopic” second-order strain tensor field within

phase r
"

p
r Second-order “microscopic” plastic strain tensor field within phase r

P�r Incremental plastic multiplier
# Latitudinal coordinate of spherical coordinate system
� Integration variable, � D 0 : : : �

�HA Shear modulus of hydroxyapatite
�H2O Shear modulus of water
� col Second-order stress tensor field within molecular collagen
�ult

col Uniaxial tensile or compressive strength of molecular collagen
�NN

HA Normal component of stress tensor � HA#' in needle direction
�NnHA Shear component of stress tensor � HA#' in planes orthogonal to the

needle direction
�

ult;s
HA Uniaxial shear strength of pure HA
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�ult;t
HA Uniaxial tensile strength of pure HA

� r Second-order stress tensor field within phase r
˙ Second-order “macroscopic” stress tensor
' Longitudinal coordinate of spherical coordinate system
 Longitudinal coordinate of vector n
� First-order tensor contraction
W Second-order tensor contraction

5.1 Introduction

Biomimetics deals with the application of nature-made “design solutions” to the
realm of engineering. In this context, large efforts have aimed at imitating biological
materials with interesting mechanical properties. However, biological materials are
hierarchically organized and very complex, and frequently, the way they work is not
easily comprehensible [1]. Hence, successful biomimetics solutions require a deep
understanding of “universal” functioning principles of biological materials. It now
appears that multiscale mechanics may hold the key to such an understanding of
“building plans” inherent to entire material classes.

For relating the vision of hierarchical organization of materials to effective
mechanical properties, we rely on continuum micromechanics, which is a well-
established tool for structure–property investigations.

Based on various physical–chemical and mechanical experiments, our focus
is the development of multiscale mechanical models, which mathematically and
computationally quantify how the basic building blocks of biological materials
(such as hydroxyapatite minerals, collagen, and water in all bones found throughout
the vertebrate kingdom) govern the materials’ mechanical properties at different
length scales, from a few nanometers up to the macroscopic level. Thereby,
multiscale homogenization theory allows us, at each scale, to identify material
representations which are as simple as possible, but as complex as necessary for
reliable computational predictions of key material properties, such as poroelasticity,
creep, and strength. This can be seen as “reverse” biomimetics engineering: (civil)
engineering methods are used to understand biological systems, as described in
more detail in Sect. 5.2.

This chapter is mainly devoted to the highly fascinating, hierarchically organized
material class “bone” (see Sect. 5.3), and to the “universal” elementary building
blocks inherent to this material class (Sect. 5.4). A multiscale micromechanics
representation (Sect. 5.5) has opened, for the first time, a profound theoretical
understanding of bone mechanics, which is consistent with virtually all major
experimental observations, given in more detail in Sect. 5.6. One of our key findings
is that bone’s mechanical properties are governed by porous polycrystals which
the minerals build up as structural complement to the collagen fibrils found in all
connective tissues (also in tendon, cartilage, skin). These polycrystals are central
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not only to the magnitude of elastic anisotropy of bone materials, but also to their
tensile-to-compressive strength ratio resulting from universal failure characteristics
of differently oriented submicron-sized mineral platelets (Sect. 5.7). Implications of
these findings for bone biomaterial design conclude the chapter.

5.2 Fundamentals of Continuum Micromechanics

5.2.1 Representative Volume Element

In continuum micromechanics [2–6], a material is understood as a macrohomoge-
neous, but microheterogeneous body filling a representative volume element (RVE)
with characteristic length `; `�d , d standing for the characteristic length of inho-
mogeneities within the RVE (see Fig. 5.1), and `�L; L standing for the cha-
racteristic lengths of geometry or loading of a structure built up by the material
defined on the RVE.

In general, the microstructure within one RVE is so complicated that it cannot
be described in complete detail. Therefore, quasi-homogeneous subdomains with
known physical quantities (such as volume fractions or elastoplastic properties)
are reasonably chosen. They are called material phases. The “homogenized”
mechanical behavior of the overall material, i.e., the relation between homogeneous
deformations acting on the boundary of the RVE and resulting (average) stresses,
including the ultimate stresses sustainable by the RVE, can then be estimated from
the mechanical behavior of the aforementioned homogeneous phases (represent-
ing the inhomogeneities within the RVE), their dosages within the RVE, their

Fig. 5.1 Multistep
homogenization: Properties
of phases (with characteristic
lengths of d and d2,
respectively) inside RVEs
with characteristic lengths of
` or `2, respectively, are
determined from
homogenization over smaller
RVEs with characteristic
lengths of `2 � d and
`3 � d2, respectively

d

d

d
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characteristic shapes, and their interactions. If a single phase exhibits a het-
erogeneous microstructure itself, its mechanical behavior can be estimated by
introduction of an RVE within this phase, with dimensions `2 � d , comprising
again smaller phases with characteristic length d2 � `2, and so on, leading to a
multistep homogenization scheme (see Fig. 5.1).

5.2.2 Upscaling of Elasto-Brittle and Elastoplastic
Material Properties

We consider an RVE consisting of nr material phases, r D 1; : : : ; nr , exhibiting
elastoplastic or elasto-brittle material behavior. In case of ideal associated elasto-
plasticity, the RVE follows the constitutive laws:

� r D �r W ."r � "p
r /; (5.1)

P"p
r D P�r @fr

@� r
; P�r fr .� r/ D 0; P�r � 0; fr .� r / � 0: (5.2)

In (5.2), � r and "r are the stress and (linearized) strain tensors averaged over phase
r with elasticity tensor �r ; "

p
r are the average plastic strains in phase r , �r is the

plastic multiplier of phase r , and fr .� r / is the yield function describing the (ideally)
plastic characteristics of phase r .

In case of brittleness, the RVE follows the constitutive laws:

� r D �r W "r ."p
r D 0/ if fr .� r / < 0; (5.3)

fr .� r / now being a failure function defining stress states � r related to brittle failure.
The RVE is subjected to Hashin boundary conditions, i.e., to “homogeneous”

(“macroscopic”) strains E at its boundary, so that the kinematically compatible
phase strains "r inside the RVE fulfill the average condition

E D
X

r

fr"r (5.4)

with fr as the volume fraction of phase r . In a similar way, the equilibrated phase
stresses � r fulfill the stress average condition

˙ D
X

r

fr� r (5.5)

with ˙ as the “macroscopic” stresses.
The superposition principle (following from linear elasticity and linearized

strain) implies that the phase strains "r are linearly related to both the macroscopic
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strains E and the free strains "
p
r (which can be considered as independent loading

parameters),

"r D �r W E C
X

s

�rs W "p
s (5.6)

with �r as the fourth-order concentration tensor [7], and �rs as the fourth-order
influence tensors [8]. The latter quantify the phase strains "r resulting from plastic
strains "

p
s , while the overall RVE is free from deformation, E D 0.

In the absence of plastic strains [fr < 0, "
p
r D 0 in (5.1)–(5.2)], the RVE behaves

fully elastically, so that (5.6), (5.5), (5.4), and (5.1) yield a macroscopic elastic law
of the form:

˙ D �
hom W E with �

hom D
X

r

fr�r W �r ; (5.7)

as the homogenized elastic stiffness tensor characterizing the material within the
RVE. In case of nonzero “free” plastic strains "

p
r , (5.7) can be extended to the form:

˙ D �
hom W .E � E p/; (5.8)

(5.8), together with (5.1), (5.5)–(5.7), gives access to the macroscopic plastic strains
E p, reading as:

E p D �
"

X

r

fr�r W �r
#�1

W
(

X

r

fr�r W
"
.�r W E C

X

s

�rs W "p
s / � "p

r

#)
C E :

(5.9)

Matrix-inclusion problems [9,10] allow for estimating concentration tensors �r and
influence tensors �rs [11], so that the estimate for the homogenized stiffness (5.7)
can be written as [5]:

�
hom D

X

r

fr�r W �
� C �

0
r W .�r � �

0/
��1 W

(
X

s

fs
�
� C �

0
s W .�s � �

0/
��1

) �1
;

(5.10)

where � is the fourth-order unity tensor, and the fourth-order Hill tensor �0r accounts
for the characteristic shape of phase r in a matrix with stiffness �0. The two sums
are taken over all phases of the heterogeneous material in the RVE. Choice of this
stiffness describes the interactions between the phases: For �0 coinciding with one
of the phase stiffnesses (Mori–Tanaka scheme [12, 13]), a composite material is
represented (contiguous matrix with inclusions); for �0 D �hom (self-consistent
scheme [2, 14]), a dispersed arrangement of the phases is considered (typical for
polycrystals).
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5.3 Bone’s Hierarchical Organization

Bone materials are characterized by an astonishing variability and diversity. Still,
because of “architectural constraints” due to once chosen material constituents
and their physical interaction, the fundamental hierarchical organization or basic
building plans of bone materials remain largely unchanged during biological
evolution. These building plans are expressed by typical morphological features
which can be discerned across all bone materials. We here distinguish six levels
of hierarchical organization in the line of Katz et al. [15], which have been quite
generally accepted in the scientific community:

• At an observation scale of several 10 nm, the so-called elementary components
of mineralized tissues can be distinguished. Long cylindrically shaped collagen
molecules with a diameter of about 1.2 nm and a length of about 300 nm [16] are
self-assembled in staggered organizational schemes with characteristic diameters
of 50–500 nm [17–24], and attached to each other at their ends by crosslinks.
These cross-linked collagen molecules build up, together with the water-filled
intermolecular space, the scale of wet collagen (Fig. 5.2a).

Needle or plate-shaped mineral crystals, consisting of impure hydroxyapatite
(HA; Ca10[PO4]6[OH]2) with typical 1–5 nm thickness, and 25–50 nm length
[22], are penetrated by the water-filled intercrystalline space (Fig. 5.2c).

• Wet collagen is penetrated by intrafibrillar crystals, forming a collagen–HA
network, called fibril (Fig. 5.2b), at an observation scale of about 10 nm.

• The extrafibrillar crystals form aggregates and build up, together with the inter-
crystalline space, a porous HA polycrystal called extrafibrillar space (Fig. 5.2c),
at an observation scale of about 300 nm.

• At an observation scale of several micrometers, the ultrastructure comprises
the fibrils (light areas in Fig. 5.2d) and the extrafibrillar space (dark areas in
Fig. 5.2d).

• At an observation scale of 100–200�m, the extravascular bone matrix comprises
the ultrastructure and osteocyte-filled cavities called lacunae (Fig. 5.2e).

• At an observation scale of several 100�m to several millimeters, the microstruc-
ture comprises the extravascular bone matrix and the vascular space (Haversian
canals) (Fig. 5.2f).

5.4 Elastic and Strength Properties of the Elementary
Components of Bone: Hydroxyapatite, Collagen, Water

As regards hydroxyapatite, tests with an ultrasonic interferometer coupled with a
solid media pressure apparatus [28, 29] reveal isotropic elastic properties, which
are in perfect agreement with recent ab initio calculations of elastic constants of
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Fig. 5.2 Multiscale view of bone structure, with key physical effects considered in micromechan-
ics representation of Fig. 5.4: (a) wet collagen; reproduced from [25], Copyright National Academy
of Sciences, USA; (b) mineralized collagen fibril; schematic sketch after [26]; (c) extrafibrillar
porous polycrystal; (d) extracellular bone matrix; reproduced with kind permission from Springer
Science+Business Media: [24], Fig. 5; (e) extravascular bone matrix [zoomed out of image (f)]; (f)
cortical bone; reprinted from [27], with permission from American Institute of Physics, c�1979
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Table 5.1 “Universal” (tissue and location-independent) elasticity and strength values of elemen-
tary constituents of bone

Material phase Elasticity (GPa) Strength (MPa)

k. . . bulk modulus
�. . . shear modulus �ult;t. . . uniaxial (tensile)
cijkl . . . tensor components, strength

base frame according to Fig. 5.4 �ult;s. . . shear strength

Hydroxyapatite kHA D 82:6 [28] �
ult;t
HA D 52:2 [32, 33]

(experimental source) �HA D 44:9 [28] �
ult;s
HA D 80:3 [32, 33]

Water containing
noncollagenous kH2O D 2:3 [35]
organics or osteocytes �H2O D 0

ccol;3333 D 17:9

ccol;1111 D 11:7

ccol;1133 D 7:1

Collagen ccol;1122 D 5:1

(experimental source) ccol;1313 D 3:3 [17] �ult
col D 144:7 [36, 37]

ceramic crystals [30, 31] (Table 5.1); and quasi-static mechanical tests in uniaxial
tension and compression on fairly dense samples of artificial hydroxyapatite
biomaterials [32, 33] give access to the uniaxial tensile and shear strength of pure
hydroxyapatite (Table 5.1). The latter is probably governed by detachment of one
nonspherical nano- or microcrystal of hydroxyapatite from its neighbors [34]. This
is mathematically expressed through [11]:

 D 0; : : : ; 2� W

fHA'#.� HA'#/ D �
ult;t
HA

�
ult;s
HA

max
 

j�NnHA j C �NNHA � �
ult;t
HA D 0 (5.11)

with spherical coordinates ' and # defining the crystal needle orientation vector
N D er in the reference frame (e1, e2, e3), and with  defining the orientation
of vector n related to shear stresses (see Fig. 5.3), with �ult;t

HA as the uniaxial tensile
strength and �ult;s

HA as the shear strength of pure hydroxyapatite; and with �NnHA D
N � � HA'# �n and �NNHA D N � � HA'# �N as the normal and shear stress components
related to a surface with normalN.'; #/.

As regards (molecular) collagen, its (transversely isotropic) elastic properties
are well accessible through those of dry rat tail tendon, a tissue consisting almost
exclusively of collagen (i.e., the intermolecular porous space, which is increasing
with the water content of “wet collagen,” is minimal for “dry collagen” [16, 37]).
Corresponding components of the elasticity tensor of (molecular) collagen (see
Table 5.1), derived from Brillouin light scattering tests [17], are in perfect agreement
with Young’s modulus of a collagen I monomer, when measured through an optical
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Fig. 5.3 Cylindrical
(needle-like) HA inclusion
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inclined by angles # and '
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tweezer-interferometer system [38]. Strength tests, also on rat tail tendon [36],
reveal the crosslink-failure-induced quasi-brittle strength of collagen [39], when
related to the molecular collagen portion of the tissue [11] (see Table 5.1). The
latter is mathematically expressed through [11]:

fcol.� col/ D je3 � � col � e3j � �ult
col � 0; (5.12)

where the direction three coincides with the principal orientation direction of
collagen and where �ult

col is the uniaxial (tensile and compressive) strength of
molecular collagen (see Fig. 5.4).

We assign the ultrasonics-derived bulk modulus of water [35] (and no strength
value) to phases comprising water with mechanically insignificant noncollagenous
organic matter (Table 5.1).

5.5 Multiscale Micromechanical Representation of Bone

Across the hierarchical organization of cortical bone material, the following “univer-
sal” microstructural patterns are considered in the framework of a multistep homog-
enization scheme (Fig. 5.4, see [11,40,41] for details): The first homogenization step
refers to an observation scale of several nanometers, where cross-linked collagen
molecules form a (linear elastic-perfectly brittle) contiguous matrix, which is
“perforated” by intermolecular, water-filled spaces. A Mori–Tanaka scheme relates
the stiffnesses and volume fractions of molecular collagen and intermolecular
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Ṽexcel = Ṽf ib + Ṽef
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Fig. 5.4 Micromechanical representation of bone material by means of a six-step homogenization
procedure. Reproduced from [11]
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space to the homogenized elasticity tensor of wet collagen [specification of (5.10)
for RVE of Fig. 5.4a]. The second homogenization step refers to an observation
scale of several hundreds of nanometers, where wet collagen and mineral crystal
agglomerations penetrate each other, building up the mineralized collagen fibril.
A self-consistent scheme relates the stiffnesses and volume fractions of wet colla-
gen and (intrafibrillar) hydroxyapatite crystal agglomerations to the homogenized
elasticity tensor of the fibril [specification of (5.10) for RVE of Fig. 5.4b]. The
third homogenization step also refers to an observation scale of several hundreds
of nanometers, where (extrafibrillar) hydroxyapatite crystal agglomerations and
intercrystalline space build up a porous polycrystal (extrafibrillar space). A self-
consistent scheme relates the stiffnesses and volume fractions of hydroxyapatite
crystals and intercrystalline space to the homogenized elasticity tensor of the porous
hydroxyapatite crystal [specification of (5.10) for RVE of Fig. 5.4c]. The fourth
homogenization step refers to an observation scale of some micrometers, where
mineralized fibrils are embedded as inclusions into the extrafibrillar mineral foam,
forming together the extracellular bone matrix (ultrastructure). A Mori–Tanaka
scheme relates the stiffnesses and volume fractions of the extrafibrillar space and
the fibril to the homogenized elasticity tensor of the extracellular bone matrix
[specification of (5.10) for RVE of Fig. 5.4d]. The fifth homogenization step refers
to an observation scale of about 100�m, where lacunar pores are embedded in an
ultrastructural matrix building up the extravascular bone material. A Mori–Tanaka
scheme relates the stiffnesses and volume fractions of the ultrastructure and the
lacunae to the homogenized elasticity tensor of the extravascular bone material
[specification of (5.10) for RVE of Fig. 5.4e]. The sixth homogenization step refers
to an observation scale of about 1 mm, where the extravascular matrix is perforated
by Haversian canals, building up the microstructure. A Mori–Tanaka scheme
relates the stiffnesses and volume fractions of the extravascular bone material and
the Haversian canals to the homogenized elasticity tensor of the microstructure
[specification of (5.10) for RVE of Fig. 5.4f].

In addition, repeated specification of (5.6) for all RVEs in Fig. 5.4 allows for
upscaling strains from the level of the elementary components, all the way up to the
macroscopic bone material of Fig. 5.4f. Considering, in addition, the elastoplastic
behavior of sliding hydroxyapatite minerals [11, 42], according to (5.11), (5.1), and
(5.2), the elastoplastic material behavior at all scales is defined, inclusive of quasi-
brittle failure once the collagen failure surface, (5.12), is reached.

5.6 Experimental Validation of Multiscale
Micromechanics Theory for Bone

The micromechanical model of Sect. 5.5 predicts, for each set of tissue-specific
volume fractions, the corresponding tissue-specific elasticity and strength properties
at all observation scales of Fig. 5.4. Thus, a strict experimental validation of this
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model is realized as follows: (1) different sets of volume fractions [variables
fr in (5.1)–(5.10)] are determined from composition experiments on different
bone samples with different ages, from different species and different anatomical
locations; (2) these volume fractions are used as model input, and (3) corresponding
model-predicted stiffness and strength values [model output, (5.10)] are compared
to results from stiffness and strength experiments on the same or very similar bone
samples.

The volume fractions within each of the considered RVEs (Fig. 5.4) are accessi-
ble through the following experiments: At the microstructural and the extravascular
observation scales (Fig. 5.4e,f), polarized light microscopy (Fig. 5.2f) visualizes, in
cortical bone, Haversian canals and lacunae [27, 43, 44], from which the vascular
and lacunar porosities can be derived, see [41] for details. For determination of
the volume fractions in all other RVEs, the pioneering volume measurements
and weighing experiments on wet, dehydrated, and demineralized cortical bone
specimens, performed by Lees [16, 45, 46], are of central importance; they give
access to the mineral, (molecular) collagen, and water content at the extracellular
scale (Fig. 5.2d and RVE Fig. 5.4d). The collagen volume fraction in a piece of
extracellular bone material (Fig. 5.2d and Fig. 5.4d), together with the spatial orga-
nization of collagen molecules within the extracellular matrix, characterized by a
staggered longitudinal arrangement quantified by the Hodge–Petruska scheme [47]
and by a quasi-hexagonal transverse arrangement as elucidated by the pioneering
neutron diffraction experiments of Lees and coworkers [16, 37], gives access to
the volume fraction of collagen fibrils in an extracellular RVE (Fig. 5.4d, see [41]
for details). Concerning the RVEs below the extracellular scale (Fig. 5.4b,c), their
mineral volume fraction can be determined from Hellmich and Ulm’s finding [48]
that the hydroxyapatite concentration in the extra-collagenous space is the same
inside and outside the fibrils, see [41] for details. The class of porous hydroxyapatite
biomaterials [32,33,49–52] directly mimics the porous polycrystal of Fig. 5.4c. For
such materials, referred to in Fig. 5.5a–d, the mineral volume fraction is directly
related to porosity or apparent mass density, accessible from mass and volume
measurements on biomaterial samples. Finally, the ultrastructural collagen volume
and that of wet collagen in fibrils (Fig. 5.4b) give access to the intermolecular
porosity within an RVE of wet collagen (see Fig. 5.4a and [41] for details).

Stiffness and strength values are gained from ultrasonics experiments on cortical
[43–46, 53] and on trabecular bone samples [54], and from quasi-static uniaxial,
compressive or tensile, mechanical tests [42, 55–71] (see [11, 34, 41] for details).

Throughout all different observation scales, and across a great variety of bone tis-
sues (from different anatomical locations of different mammals including humans,
cows, elephants, deers, rabbits, and horses), micromechanics model predictions for
stiffness and strength agree very well with corresponding experimental data (see
Fig. 5.5). This unparalleled quantification of bone’s mechanical behavior allows us
to draw basic conclusions on how bone works mechanically – described in the next
chapter.
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Fig. 5.5 Comparison between micromechanical model predictions and corresponding experi-
ments: (a, b) elasticity in terms of Young’s modulus E and Poisson’s ratio � of hydroxyapatite
biomaterials (see Fig. 5.4c, [34]); (c, d) uniaxial tensile and compressive strength of hydroxyapatite
biomaterials (see Fig. 5.4c, [34]); (e) radial and axial normal stiffness (C1111 and C3333) of cortical
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(f) uniaxial strength of cortical bone at the macroscopic scale (see Fig. 5.4f, [11]), with mean and
standard deviation being depicted for experimental tensile strength (dark color) and experimental
compressive strength (light color)
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5.7 How Bone Works: Mechanical Design Characteristics
of Bone Revealed Through Multiscale Micromechanics

Bone materials are built up in a remarkably anisotropic fashion, with respect to both
stiffness and strength.

As regards elasticity, the experimentally verified micromechanics theory of
Sects. 5.5 and 5.6 reveals the following sources of anisotropy:

1. The intrinsic anisotropy of molecular collagen, quantified through Brillouin light
scattering tests of Cusack and Miller [17] and given at the bottom of Table 5.1;

2. The axially oriented arrangement of molecular collagen in the mineralized
collagen fibril (Fig. 5.4b); of the mineralized collagen fibrils in the extracellular
bone matrix (Fig. 5.4d); and of the vascular porosity (Haversian canals) in
cortical bone (Fig. 5.4f).

In contrast, bone mineral is poorly organized [20, 24, 72–75], so that bone
materials without collagen and vascular pores, such as hyperpycnotic tissues [16,76]
or artificial hydroxyapatite biomaterials [29,32,51,52,77,78], represented basically
through the extrafibrillar RVE of Fig. 5.4c, are virtually isotropic. At the same time,
the high connectivity of the individual crystals, forming a porous polycrystal in the
extrafibrillar space of bone materials, is important for providing sufficient transverse
stiffness.

As regards strength, the micromechanics model of Sects. 5.5 and 5.6 shows an
additional feature beyond anisotropy, namely the sensitivity of bone to tensile versus
compressive loading type (not existing in the elastic regime): The extrafibrillar space
(see Fig. 5.2c and RVE in Fig. 5.4c) is ten times weaker under tensile loading than
under compressive loading, a characteristic which it shares with a lot of other
quasi-brittle materials, such as sandstone or concrete [79]. The reason for that
lies in the localization or concentration of homogeneous tensile or compressive
strains from the boundary of the extrafibrillar RVE into its individual needle phases,
leading eventually to failure of the most unfavorably stressed needle according
to criterion (5.11) (see Fig. 5.6). In overall uniaxial tension, this local failure is
dominated by tensile normal stresses in needle phases more or less aligned with
the loading direction (for more or less porous materials; see Fig. 5.6a,b). In overall
uniaxial compression, however, the aforementioned local failure is still dominated
by tensile normal stresses in one needle phase – this phase now being aligned
more or less perpendicular to the loading direction (for more or less porous
materials; see Fig. 5.6c,d). Accordingly, it takes much more overall compressive
stresses to produce as much normal tensile stresses in needles perpendicular to the
loading direction than tensile stresses in needles aligned with the loading direction,
stemming from overall tensile loads. This explains the ratio of 1:10 between tensile
and compressive strength in hydroxyapatite biomaterials.

In real bones, however, two differences with respect to this situation are
significant:
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Fig. 5.6 Orientation of crystal needle initiating overall failure of hydroxyapatite polycrystals,
under tensile (a, b) and compressive (c, d) uniaxial macroscopic loading: (a, c) local tensile failure
in highly porous polycrystals; (b, d) local combined tensile-shear failure in polycrystals with low
porosity

1. The hydroxyapatite crystals are nanometer-sized instead of micrometer-sized,
so that they are intimately bond to the structured water layers between them
[80–83]. This evokes ideal plastic sliding rather than brittle failure, once the
elastic regime of the crystals is left.

2. Molecular collagen (shown to be quasi-brittle, both experimentally [36] and
computationally [84]) reinforces the multiporous hierarchical nanocomposite
“bone” both in axial tension and in axial compression, up to the same extent.
Accordingly, bone materials show a tensile-to-compressive strength ratio of 2:3,
instead of 1:10.

Bone replacement materials should mimic these “microstructural mechanics”,
features as closely as possible if an imitation of the natural form of bone is desired
[105]. Hence, the design characteristics of natural bone imply the following design
rules for creating bone replacement materials close to their natural “prototypes”:

• Use of an anisotropic organic template
• Growth of nanometer-sized mineral crystals
• Realization of a connected network of crystals

In this context, the following recent developments in the bone biomaterials
community seem noteworthy: As regards anisotropic organic templates, recent bone
biomaterials rely on materials such as starch [85], chitosan [86], or collagen itself
[87–92]. While micron-sized hydroxyapatite crystals defined the state of the art in
biomaterial production in the 1980s and 1990s [32, 33, 50, 77], modern processing
techniques, such as sol–gel combustion [93] or precipitation from an aqueous
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solution [87,88,92,94–97], allow for production of nanometer-sized hydroxyapatite
crystals. Finally, also interconnected networks of hydroxyapatite crystals could be
recently produced, by means of a layer-by-layer deposition method [92].

5.8 Some Conclusions from a Biological Viewpoint

To the knowledge of the authors, the aforementioned design rules concern all
different kinds of bones, across the entire subphylum vertebrata, in the sense that
they satisfactorily explain, in a unified fashion, the large variety of mechanical
properties depicted in Fig. 5.5e,f. In this sense, they are “universal” for the verte-
brates, but not beyond this subphylum. The aforementioned design principles may
result from “architectural constraints” [98, 99] merely due to once chosen material
constituents and their physical interactions that imply the fundamental hierarchical
organization patterns or basic building plans of bone materials (see Fig. 5.2), which
remain largely unchanged during biological evolution. In this sense, it seems
highly probable that the same principles hold for extinct species like dinosaurs,
although this cannot be tested in full completeness, as fossils are chemically altered
postmortem [100].

Mineralized skeletal structures built up of bone typically span three orders of
magnitude (Fig. 5.7), whereby the mammals currently define the upper size limit.
The concept of an inner skeleton (“endoskeleton”) is also followed out of the
phylum chordata, namely with sponges (using either silica or calcium carbonates
as mineral, Fig. 5.7) and with phylum echinodermata, based on mineralized tissues
containing calcium carbonates (Fig. 5.7). The same holds for certain members
of phylum mollusca, namely cephalopods (Fig. 5.7). Alternatively, load-carrying
organs may be realized as outer skeletons (exoskeletons), at tiny formats containing
silica (e.g., in diatoms), and at larger formats containing calcium carbonates and
chitin as organic component (with phylum arthropoda and with all classes of
phylum mollusca except for certain cephalopods, see Fig. 5.7).

Fig. 5.7 Overview over elementary components of mineralized tissues and size of inner and outer
skeletons built thereof, across the animal kingdom (see also [101–104])
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Chapter 6
Bioinspired Cellular Structures: Additive
Manufacturing and Mechanical Properties

J. Stampfl, H.E. Pettermann, and R. Liska

Abstract Biological materials (e.g., wood, trabecular bone, marine skeletons) rely
heavily on the use of cellular architecture, which provides several advantages.
(1) The resulting structures can bear the variety of “real life” load spectra using
a minimum of a given bulk material, featuring engineering lightweight design
principles. (2) The inside of the structures is accessible to body fluids which
deliver the required nutrients. (3) Furthermore, cellular architectures can grow
organically by adding or removing individual struts or by changing the shape of
the constituting elements. All these facts make the use of cellular architectures a
reasonable choice for nature. Using additive manufacturing technologies (AMT),
it is now possible to fabricate such structures for applications in engineering and
biomedicine. In this chapter, we present methods that allow the 3D computational
analysis of the mechanical properties of cellular structures with open porosity.
Various different cellular architectures including disorder are studied. In order to
quantify the influence of architecture, the apparent density is always kept constant.
Furthermore, it is shown that how new advanced photopolymers can be used to tailor
the mechanical and functional properties of the fabricated structures.

6.1 Introduction

Cellular structures are one of the basic design elements of many biological materials
(e.g., wood, trabecular bone, marine skeletons) [1–4]. Cellular design offers several
benefits: the resulting structures can bear the endurable mechanical loads using a
minimum of a given bulk material, thus enabling the use of lightweight design
principles. The interior of the structures is accessible to body fluids which deliver
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the required nutrients. Furthermore, cellular architectures can grow organically by
adding or removing individual struts or by changing the shape of the constituting
elements. All these facts make the use of cellular architectures a reasonable choice
for nature. Using additive manufacturing technologies (AMT), it is now possible to
fabricate such cellular structures with almost arbitrary complexity. Direct [5–9] and
indirect [10, 11] AMT have been used to fabricate cellular structures, whose most
appealing application is the use as scaffold for biomedical engineering. Cellular
structures made by AMT are depicted in Fig. 6.1.

The final goal for applications in biomedicine is the fabrication of structures
with defined structural as well as functional properties [12]. Biologically inspired
materials offer a large potential to tailor these properties. Regarding structural
properties, biological cellular structures exhibit a significantly more irregular
architecture than cellular engineering structures (e.g., truss structures). The role of
irregularity in biological materials is not evident. Irregularity in natural biomaterials
cannot be justified by a lack of “manufacturing skills” since many biomaterials (e.g.,
the skeleton of radiolaria, Fig. 6.2b, or the skeleton of deep-sea sponge Euplectella
aspergillum [1]) exhibit a very regular and well-defined microarchitecture. Never-
theless, the microarchitecture of most cellular biomaterials (e.g., cancellous bone,

Fig. 6.1 Sample structures fabricated by various additive manufacturing processes. (a–e) fabri-
cated by digital light processing, (f) manufactured by wax printing, (g, h) fabricated by selective
laser sintering [13]
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a b

c

Fig. 6.2 Biomaterials like trabecular bone (a), diatoms (b) or Euplectella aspergillum (c) are
based on cellular architecture [14]

see Fig. 6.2a, which shows a cross section through a human femur) is not completely
regular.

On the level of microarchitecture, cancellous bone is made up of an inter-
connected network of rods or plates (trabeculae). The trabeculae are mainly
oriented along the trajectories of applied mechanical stress. The trabeculae along
the stress direction are connected by another class of trabeculae which is oriented
perpendicular to the stress direction to mechanically stabilize the cellular network.
As can be seen from Fig. 6.2a, there is a significant degree of irregularity on the
level of microarchitecture.

6.2 Fabrication of Bioinspired Cellular Solids Using
Lithography-Based Additive Manufacturing

Besides lithography-based systems, which are described in the following, several
additional processes have gained a lot of attention and are available on a commercial
basis. Fused deposition modeling (FDM) [15], selective sintering (SLS) [16], and
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3D printing [6, 17] have to be mentioned due to their large installation base.
Most of these processes are capable of fabricating cellular structures. Nevertheless,
lithography-based additive manufacturing systems offer several advantages: on one
hand, the feature resolution is significantly better than with all other available tech-
nologies. On the other hand, the functional properties of the obtained photopolymer
can be tuned quite easily by varying the cross-link density of the polymer and by
changing the utilized reactive diluents and cross-linkers (see Sect. 6.3).

6.2.1 Laser-Based Stereolithography

With a market share of 42% in the field of service bureaus, laser-based stereolithog-
raphy is still dominating the high-end market of AMT. The basic working principle
of stereolithography (SLA) has not changed since its invention in the 1980s of the
twentieth century. The light source of the system is made up of a UV-laser, typically
a solid state Nd-YAG-laser. Using a galvanoscanner, the light beam is deflected
according to the geometry of the CAD file. Where the laser beam hits the resin
surface, polymerization takes place and the liquid resin solidifies. After one layer
has been completed, the part is lowered into the vat and the coating mechanism
deposits a fresh layer of resin on top of the part. The process is repeated until all
layers have been built.

If the part geometry contains severe undercuts, support structures are necessary
since the liquid resin is not capable of stabilizing geometries which have no connec-
tion to the main part. The generation of support structures is achieved automatically
by modern AMT software. Problems might arise when the supports, which have to
be removed mechanically, have to be detached from delicate features.

Commercial SLA systems typically use layer thicknesses of 50–100�m. Due to
the high scan speeds of 500–1,000 mm/s and the large possible build-volumes, SLA
is mainly used for high-throughput jobs in service bureaus. With an appropriate opti-
cal setup, the feature resolution and minimal layer thickness can be improved signif-
icantly and using micro-SLA-systems lateral resolutions of down to 5�m have been
achieved [18]. Sample structures fabricated by this process are depicted in Fig. 6.3.

6.2.2 Dynamic Mask-Based Stereolithography

In order to overcome the price limits given by the fairly expensive UV-laser-systems,
lithography-based processes using visible light in combination with a dynamic mask
have been developed. The main benefit of these systems is the fact that they can rely
on components which are widely used in consumer products (e.g., video beamers).

Dynamic mask-based stereolithography (DMS) systems offer distinct benefits
and drawbacks compared to laser-based stereolithography: Due to the fact that the
whole layer is exposed in one step, the fabrication speed is faster. Typical exposure
times for one layer range from 3–12 s. Since most DMS systems use a high-pressure
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Fig. 6.3 Cellular structures fabricated by microstereolithography [18]

mercury lamp instead of a UV-laser, the cost for replacing and maintaining the light
source are fairly moderate. The use of high-pressure mercury lamps and micromirror
arrays necessitates the use of visible light for the polymerization of the resin.
Most micromirror arrays cannot be used in combination with UV, although recent
developments might change this restriction. The light intensity of the available light
sources is smaller than in the case of UV-lasers. Both limitations lead to the fact
that well-established and widely used SLA resins cannot be used in combination
with DMS.

A further drawback is related to the number of pixels which are available on
the chip. At a given build volume, the achievable pixel resolution is given by the
number of mirrors on the chip. For a system with 1;400�1;050 pixels and a targeted
resolution of 50�m, the build size is 70�50mm. DMS systems are therefore mostly
used for the fabrication of delicate and small parts. If the required build size is very
large, the possible resolution will be too low.

A typical schematic setup for a DMS system is given in Fig. 6.4. The light
source emits light which is selectively deflected by the micromirrors on the
DLP chip (digital light processing). An appropriate lens focuses the image on
the bottom surface of the transparent vat. White pixels lead to a solidification of
the photosensitive resin. In regions of black pixels, the resin stays liquid. After
solidification has taken place, the build platform is lifted in z-direction, according
to the layer thickness. Liquid resin flows into the now empty space and the process
is repeated. Exposure from underneath offers several advantages compared to the
exposure from top (which is used in traditional laser-based processes). The main
advantage from an economical point of view is the fact that significantly less resin is
needed to run the bottom-exposure process compared to the top-exposure process.
In Fig. 6.4, the necessary resin level is only a couple of millimeters in height,
independently of the height of the part. In a top-exposure setup, the resin level has
to be high enough, as to accommodate the complete final part.

The main advantage from an engineering point of view is the possibility to
expose very thin layers with little processing effort. The layer thickness can easily
be adjusted by defining the gap between the previous layer and the transparent
bottom of the vat. No special coating mechanism is necessary, and even small layer
thicknesses down to 10–20�m are possible.
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Fig. 6.4 Working principle of dynamic mask-based stereolithography

One drawback of the exposure from the bottom are issues with adhesion
between polymerized resin and the transparent vat. The vat has to be coated with
silicone and/or a transparent teflon layer to prevent large pull-off forces when the
polymerized body is detached from the vat. If the resin contains initiator molecules
or monomers with low molecular weight, these compounds tend to diffuse into the
vat, leading to unwanted polymerization inside the separation layer.

Due to the fact that the whole layer is exposed in one step, DMS systems work
fairly fast. Typically, vertical build speeds between 10 and 20 mm/h are achieved.
Due to the moderate hardware cost, the ability to fabricate complex parts with
excellent feature resolution, DMS systems are widely used for applications in
jewellry (master patterns for investment casting) and the fabrication of hearing aids.

6.2.3 Inkjet-Based Systems

In order to combine the benefits of lithographic methods (high feature resolution
and good surface quality) with the advantages of inkjet-based processes (high
build speed and large build volume), two companies (Objet, 3D-Systems) have
developed machines which are capable of processing liquid photopolymers using an
inkjet head. In commercially available systems, an inkjet head with several hundred
nozzles is moved along the x-axis, and during this motion the nozzles eject little
droplets of photopolymer. After one layer is deposited, a UV-lamp flash-cures the
fresh layer and the process is repeated.

The inkjet head can deposit two types of material: The build material and a
support material. The support material, which can be removed mechanically after
the build process has been completed, is necessary to serve as base for the build
material in regions with overhangs. In contrast to conventional stereolithography,
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where light-weight supports are only required in areas with severe overhangs, inkjet-
based processes require a completely dense support structure. The overall amount
of material (build plus support) is therefore identical to the build volume of the
part. Due to the use of multiple inkjet heads, it is possible to build multimaterial
structures, which is impossible in the case of SLA and DMS systems. Since the
inkjet-head can be moved over arbitrary distances, large parts with good feature
resolution can be built. Nevertheless there are limitations, especially regarding the
allowed viscosity of the photopolymer. The viscosity has to be kept within a narrow
range to be processable inside the inkjet head.

6.2.4 Two-Photon Polymerization

Two photon polymerization (2PP) [19,20] offers two distinct benefits with respect to
other AMT: (1) The achievable feature resolution is about one order of magnitude
better than with other additive manufacturing methods. The minimum achievable
wall thickness is currently around 100 nm [21]. (2) Furthermore, it is possible to
directly write inside a given volume. In contrast, all other AMTs work by shaping
individual 2D layers and stacking up these layers to fabricate a 3D model. Due to
this additive stacking process, it is not possible to embed existing components into a
part made by traditional AMT. In contrast, 2PP is capable of writing “around” pre-
embedded components. Despite these distinct advantages of 2PP, there are currently
no commercial 2PP applications, mainly due to the low writing speed of 2PP
systems and due to the complexity of the required lasers. With the development of
more efficient initiators [22] and more powerful femtosecond lasers, this situation is
expected to improve in the near future.

Besides the fabrication of high-resolution structures (see cellular structures in
Fig. 6.5), 2PP is especially suitable for applications where existing components
have to be embedded inside the written structure. For instance, 2PP can be used to
connect optoelectronic components (laser diodes and photo diodes) by an optical
waveguide [23].

Fig. 6.5 Cellular structures made by two-photon polymerization
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6.3 Photopolymers for Additive Manufacturing Technologies

6.3.1 Principles of Photopolymerization

The process of photopolymerization has been introduced to industry more than half
a decade ago. Coatings and printing inks for wood, paper, card board, plastics, and
metal were among the first applications of this promising technology. Compared
to the classical hardening of coatings by evaporation of the solvent and/or a
thermal curing step, UV formulations can be cured within a fraction of a second.
Therefore, photopolymerization is a continuously growing technology, finding new
applications on a regular basis. This includes dental filling materials, reprography
(photoresists, printing plates, integrated circuits), holographic recordings, nanoscale
micromechanics, or stereolithography.

One can distinguish between two different curing mechanism: radical and
cationic. While radical curing is the predominant technique in industry, the impor-
tance of cationic systems is continuously growing.

Typical monomers for radical polymerization are based on acrylates or methacry-
lates that can be cured by UV–Vis sensitive compounds [24]. Such photoinitiators
form a large amount of initiating radicals when irradiated with light of particular
wavelength. Those radicals start the free radical polymerization chain reaction. The
liquid formulation is converted into a solid and usually cross-linked material.

In the first step (initiation), see (1) in Fig. 6.6, the PI dissociates into radicals (R�
i )

due to absorption of light. Those radicals add onto monomer molecules to start the
chain reaction, see (2) in Fig. 6.6. During the chain growth reaction (propagation),
the addition of other monomer molecules occurs, whereas chain termination takes
place because of recombination or disproportionation (see (3) in Fig. 6.6). The
generation of radicals in the first step can either happen through photofragmentation
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Fig. 6.6 Principle of photopolymerization
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Fig. 6.7 Common monomers for photopolymerization and photoinitiators based on Type I and
Type II mechanism

as a result of ˛ - cleavage (Type I) or through hydrogen abstraction or electron
transfer (Type II) in a bimolecular mechanism. Typical examples (Fig. 6.7) for
such photoinitiators are bisacylphosphine oxides (BAPO) or the combination of
camphorquinone (CQ) with an aromatic amine (DMAB).

Sometimes, polymerization of the highly reactive monomers can even start
during storage due to thermal stress. To avoid this, it is necessary to use inhibitors
that scavenge accidentally formed radicals before they start the polymerization.
Oxygen can also cause the inhibition of the radical polymerization, but during
photocuring it is an undesired process leading to sticky surfaces. Therefore, care
has to be taken as to reduce the amount of oxygen present, since lower double bond
conversion can result in migratables.

Acrylates or methacrylates are widely used for the radical photopolymerization
due to their high reactivity [24]. Figure 6.7 displays common multifunctional
monomers such as 1,6-hexanediol diacrylate (HDDA), trimethylolpropane triacry-
late (TTA), and pentaerythritol tetraacrylate (PTA). Such monomers are usually
applied as reactive diluents, for high molecular monomers based on polyester-,
urethane-, or epoxy-(meth)acrylates that are generally responsible for the overall
performance of a formulation.

For cationic curing, mainly epoxy-based monomers e.g., ECC or BDG are
used, (Fig. 6.8). Less frequently also vinylethers are used. Generally, the cationic
polymerization process is more temperature sensitive. Heating after irradiation can
increase the speed of polymerization and lead to a reduction of the postcuring
time. Chain transfer agents based on alcohols like CDM are applied to tune the
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Fig. 6.8 Typical epoxy monomers (top row) and chain transfer agent and PIs (bottom row; left to
right) based on cationic polymerization

polymerization network. Onium salts such as DPI are most frequently used as
photoinitiator, but these molecules suffer from poor absorption in the UV-A and
UV-B. Therefore, sensitizers such as isopropyl thioxanthone have to be applied that
extend the wavelength of sensitivity up to the visible range of the spectrum.

6.3.2 Radical and Cationic Systems in Lithography-Based AMT

In early days of the development of UV curable resin formulations for stereolithog-
raphy, systems were based on radical or cationic polymerization [25, 26]. As there
was already a large variety of monomers commercially available from the coating
industry, formulators could easily select the desired components to optimize the
curing speed and tune the final mechanical properties over a wide range. Both
photopolymerizable systems have their own pros and cons. Radical polymerization
proceeds very fast, but relatively high shrinkage and oxygen inhibition are the
crucial disadvantages. In cationic polymerization, these drawback are avoided, but
poor reactivity, sensitivity to moisture, and high water uptake of the polymer are
adverse effects. To combine the advantages of both systems, several commercially
available formulations nowadays include both concepts, these formulations being
called hybrid formulations. In this case, careful adjustment of the amounts of
radical and cationic initiator based on their absorption behavior is essential to ensure
photochemical excitation of both molecules.

It is important that the absorption behavior of the photoinitiators match the
emission characteristics of the lamp or laser used. For systems working only in
the visible range of the spectrum, specialized photoinitiators such as those shown
in Fig. 6.7 have to be used. Most other commercially used photoinitiators such as
Darocure 1173, Irgacure 2959, Irgacure 369 (all Ciba SC) only absorb in the UV
and therefore can only be used in machines with broadband irradiation of, e.g.,
mercury arc lamps or by laser excitation, e.g., at 355 nm.
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It has to be noted that the two-photon polymerization is usually carried out with
similar photoinitiators, but due to the low two-photon absorption cross section,
inefficient curing has to be accepted. Therefore, several research groups have
focused recently on the development of specialized photoinitiators, which are
mainly based on a planar conjugated chromophor with an acceptor group in the
middle of the molecule and with terminal donor groups [27, 28].

Beside the photopolymerizable monomers and photoinitiators, additives and
fillers are essential. For example, antifoaming agents are required to avoid air
bubbles. Furthermore, titanium dioxide or surface-modified aerosils are used to tune
the final mechanical properties. Polysiloxanes are added for optimum dispersion of
these fillers.

6.3.3 Biomimetic, Biocompatible, and Biodegradable
Formulations

As life expectancy increases with advances in medical care during the last decades,
tissue engineering of bone, blood vessels, skin, and other organs has gained signif-
icant interest. In the last few years, additive manufacturing has been recognized as
an ideal tool to print individual 3D cellular scaffolds. Dealing with a complex and
sensitive biological system such as the human body, the development of materials
for tissue engineering is extremely challenging and the requirements are manifold.
Biocompatibility, from a chemical, structural, and mechanical point of view, is the
main issue. Degradation times must match the healing and regeneration process of
the replaced tissue and lead to nontoxic degradation products.

Classical biodegradable materials are based on poly(˛-esters) such as poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), or copolymers thereof (Fig. 6.9). These
materials are already FDA approved and can be found in clinical applications.
Unfortunately, they can only be processed by classical techniques for thermoplasts,
like extrusion or injection molding. These and alternative methods such as fiber
spinning and bonding, solvent casting, particulate leaching, or gas foaming possess
some inherent limitations in the construction of internal channels and the capability
to precisely control pore size, pore geometry, pore interconnectivity, and spatial
distribution of pores within the scaffold.

To use the inherent advantages of AM, photopolymers have to be used. In
the field of biocompatible photopolymers, (meth)acrylated PEG chains of various
length (e.g., PEG-DM) have been used for many applications, as uncontrolled cell
adhesion can be avoided. Examples for applications include the encapsulation of
chondrocytes for cartilage regeneration, osteoblasts for bone tissue engineering,
vascular smooth muscle cells, and mesenchymal stem cells. Anseth et al. [29] were
among the first to synthesize degradable methacrylate endcapped oligoesters based
on polylactic acid (PEG-PLA-DM), which enabled processing by light-induced
curing and opened the door to stereolithographic tissue engineering.
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Fig. 6.9 Biocompatible monomers and polymers

Unfortunately, polylactic acid block copolymers suffer from the well-known
hydrolytic bulk degradation mechanism which causes quite fast loss of the mechan-
ical properties. The reason for that is the formation of acidic degradation products
within the scaffold that cannot migrate and lead to an autocatalytic degrada-
tion process. To have a more controlled enzymatic degradation and to force
cell adhesion and proliferation, methacrylated gelatin derivatives have been pre-
pared [30]. Very recently, Feijen and Grijpma [31] used the concept of end-
functionalized poly(trimethylene carbonate) PTC-DF that avoid the formation of
larger amounts of acidic degradation products. They have also used fumaric acid
as an alternative concept of photopolymerizable groups. Therefore, they are able to
avoid (meth)acrylates that always have some inherent skin irritancy or sometimes
cytotoxicity, but they have to accept a significantly lower photoreactivity. Further
drawbacks of (meth)acrylates as photopolymerizable biodegradable material is the
rather long kinetic chain length, which leads to polymer backbones with molecular
weight of significantly more than 50,000 g/mol.

As the molecular weight limit in the transport within the human body is in the
order of a few thousand g/mol, this polyacrylic acid degradation product (Fig. 6.10)
cannot be excreted. Also the cross-linking of the polyacrylic acid with, e.g.,
Ca2C ions, hinders the transport within the human body. Additionally, high local
concentration of acids might lead to inflammation reactions or, in the worst case,
necrosis and fast unwanted bulk degradation.
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Fig. 6.11 3D-cellular structure printed by AM out of a vinylcarbonat polymer (left) and first
results of in vivo studies of vinylesters (right) [34]

An alternative polymer backbone is based on polyvinyl alcohol, which is FDA
approved and frequently used in medical applications. Well-known polymers from
vinylesters can be considered as suitable starting product, but photopolymerization
is rarely described until now [32]. In this case, low molecular acidic degrada-
tion products are formed (Fig. 6.10). These degradation products can easily be
transported and metabolized within the human body. To completely avoid organic
acids as degradation products, vinylcarbonates such as PEG-DVC or GVC were
recently introduced [33]. This class of monomers not only has an extraordinary
low cytotoxicity, but excellent storage stability and sufficient photoreactivity have
also been determined. By proper tuning of the components, mechanical properties
of PLA can be surpassed and degradation behavior can be easily tuned within a
broad range. Preliminary in vivo experiments showed promising results in the New
Zealand white rabbit model (Fig. 6.11).
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6.4 Mechanical Properties: Modeling and Simulation

The mechanical properties of cellular materials are fundamentally different from
conventional, dense materials. Thus, they cannot be modeled sufficiently well by
common, standard constitutive material laws. Due to the highly porous structure, the
behavior is not only determined by the building materials, but is also significantly
governed by the structural architecture. Moreover, most of the cellular materials –
both natural and man-made ones – exhibit direction-dependent properties.

The aim of mathematical modeling is to derive relations between the structural
architecture and the behavior of cellular materials [2, 35]. On one hand, such
investigations can gain better understanding of biological materials which are
commonly regarded as being “optimized.” On the other hand, for the improvement
of the performance of technical materials, modeling and simulation are the keys.
They allow for designing the structural architecture, as to meet a specified property
profile and, at the same time, to keep the weight to a minimum.

These investigations are preferably conducted on a variety of generic structures.
Their architectures can be selected such that specific mechanisms of deformation
will be activated. By means of the finite element method (or other numerical and
analytical tools), the response to loads and load sequences can be predicted.

6.4.1 Linear Elastic Behavior

First, the elastic behavior will be discussed [36, 37]. Various generic architectures,
all sharing the same specific weight, exhibit a wide range of properties. Each
structure shows its own characteristic elasticity profile with respect to the direction
dependence. Moreover, comparison among the structures reveals a high variability
in the magnitude of the stiffnesses. In a systematic study, the density of all structures
(i.e., the volume share of the base material) can be varied and the influence of the
density on the mechanical properties can be assessed for each structure. It turns out
that there exists an exponential relation [2] between the density and the Young’s
modulus characterizing the response to uniaxial stresses, reading as:

E� D Eb �
ˇ; (6.1)

where E� and Eb are the Young’s moduli of the cellular material and of the base
material, respectively, � is the relative density of the cellular material, and ˇ is the
density exponent. The latter one takes values between 1 and 3, depending upon
which deformation mechanisms are activated upon loading. Plate bending of the
members in cellular materials is indicated by a value of 3, whereas normal and
shear deformation are associated with an exponent of one. Such pure deformation
mechanisms only occur in very particular cases. Typically the mechanisms are
superimposed, even for quite simple architectures under basic loading. For example,
a simple cubic arrangement of struts shows an exponent of 1 in principal direction
and a value of almost 2 in diagonal direction. Consequently, the density exponent is
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not a fixed number to be valid for a particular cellular structure, but it is very much
dependent on the direction of loading [37]. Last but not least, the density exponent
can be taken as measure which identifies the active mechanisms of deformation in a
loaded cellular material.

6.4.2 Nonlinear Response

If the load imposed on the cellular material is increased, the limit of the elastic range
will be reached. Then various types of nonlinearities may occur in the base material,
like nonlinear elasticity or elastoplasticity. Additionally, viscous effects can play a
role in materials such as bone tissue, polymers, and metals at elevated temperatures.
All these types of material behavior can be incorporated into the model, as to predict
the response of cellular materials [38, 39].

One of the most important effects beyond elasticity, however, is local loss of
stability. In such an event, the cell walls or struts start to buckle or kink which
leads to a drastic loss of their stiffness and the neighboring cell walls have to carry
additional loads. If they are not capable of bearing those, they will also buckle
and a chain reaction will be triggered giving rise to a catastrophic localized failure
which will be located at one plane in the cellular material. Modeling and simulation
can be used to investigate the susceptibility to failure with respect to the cellular
architecture and the loading scenario. Along the same line, limit loads and the post-
buckling behavior can be predicted [39].

Most of the biological cellular materials possess some degree of structural
disorder and imperfection. These effects are treated by starting with perfect generic
architectures and introducing statistical disorder in a controlled way. In parallel, the
influence of defects in cellular materials is studied. Therefore, cell walls and struts
can be removed in a randomly uniform manner and in clustered configurations of
different sizes. This way, missing or broken connections are modeled, as well as
vacancies and pores [40,41]. It is shown that with increasing disorder, the maximum
values of the properties decrease for certain directions. In general, however, a more
balanced property profile is achieved. In particular, structures whose degree of
disorder exceeds a certain level are less prone to deformation localization and catas-
trophic failure. Also, the defect sensitivity is decreased for disordered architectures.

In addition to the computational studies of the behavior, experimental investiga-
tions are carried out. This way, the predictive quality of the simulations are verified
with respect to elastic and strength properties, as well as with respect to the failure
characteristic including deformation localization.

6.4.3 Sample Size and Effective Behavior

Typically, theoretical investigations are performed on various length scales simul-
taneously. On the small scale, the cell geometry and their walls and struts are
described with respect to their material behavior and their local geometrical features
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Fig. 6.12 FEM predictions of the deformation localization of samples with different size but the
same cellular architecture [13]

including the arrangement. Many of such members form a diverse cellular structure,
which now – on the large scale – can be regarded as a material again. Properties can
be assigned which characterize their global or effective or “homogenized” behavior.
For such considerations to hold true, the cellular structure must be relatively large
and their local features should not vary (in a statistical sense). As a rule of thumb,
the linear dimension of the structure must be at least one order of magnitude larger
than the local characteristic cell size.

If this “separation of length scales” is not fulfilled, the interpretation of results
must be handled with great care. This applies not only to modeling and simulation,
but also to experimental testing. Some effects may be attributed to the global
material behavior, and some others may rather be a feature of a small structure.
Influences originating from the perimeter of the structure, such as load introduction
or force-free faces, can govern the behavior or trigger mechanisms not owing to
the behavior of a cellular material. Typical examples are cancellous bone in the
proximal femur or specimens of limited size for experimental testing. Figure 6.12
shows the predicted deformation localizations of two samples with different size,
but identical cellular architecture. Localization in the left sample is triggered at the
corners and, thus, reflects the behavior of the sample rather than that of the cellular
material. In contrast, the central part of the right sample reflects the behavior of the
cellular material which does not show confined localization.
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6.5 Conclusion

Within this chapter, it has been shown that lithography-based AMT is a suitable
tool to print arbitrarily complex structures from a CAD file out of photopolymers.
To broaden the range of application, different concepts were shown to structure
biocompatible or biodegradable materials. Beside inkjet printing, dynamic-mask-
based stereolithography, and microstereolithography, two photon polymerization is
a promising real 3D-writing tool to build parts with feature resolution well below
1�m. AMT is especially useful for fabricating cellular structures which mimic the
cellular architectures, which can be found in nature. Using finite element modeling,
it is possible to predict the mechanical behavior of such cellular structures. Of initial
interest are the linear elastic properties. By further extending the FEM models into
the nonlinear regime, predictions about the failure behavior of cellular structures
can be made.
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Chapter 7
Biomimetics in Architecture
[Architekturbionik]

Petra Gruber

Abstract This chapter presents an overview of this emerging field, investigating
the overlaps between biology and architecture. A brief description of historic
developments and classical approaches such as analogy research sets the stage for a
strategic search for a new methodology of design. Different methods of biomimetic
design are compared with regard to information transfer. Application fields in
various scales and successful examples in architecture are presented to illustrate the
use of basic biological phenomena such as emergence, differentiation, intelligence
and interactivity in a technological as well as designed environment. Own projects
as case studies in biomimetic design are described and compared to derive success
factors for future projects.

7.1 Introduction

Biomimetics in Architecture [Architekturbionik] is an emerging field that is cur-
rently being defined and explored. The application of observations made in nature to
architecture has always been a challenge for architects and designers. The strategic
search for role models in nature is what discerns biomimetics from the ever-existing
inspiration from nature. While bioinspiration may be limited to a morphological
analogy, biomimetics makes use of functional analogies, processes, mechanisms,
strategies or information derived from living organisms.
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The term “biomimetics” appeared in the 1960ies, at about the same time as “bion-
ics” was coined, that found its reinterpretation in the German “Bionik”, the combi-
nation of the first and last syllables of the words “Biologie” (biology) and “Technik”
(technology) [1]. Meanwhile Bionik/Biomimetics is widely accepted as an inter-
disciplinary science that delivers innovation in a wide range of application fields.
Architecture, design and building are promising fields for biomimetic innovation.

7.2 History: Different Approaches

The overlaps between biology and architecture are manifold, and observation of
interactions is based on the western culture of opposing nature and technology,
often ignoring the dialectic perspective of interactiveness and mutual influence. As
Portoghesi puts it: “Being an integral part of nature ourselves, we shall never be
able to talk about it from the outside but only from the inside, uncertain whether to
consider something created and produced by man as being ‘outside’ nature” [2].

Current developments as described in the following increasingly use a biological
paradigm to overcome this separation.

Many movements in the history of architecture have taken their own approaches
to nature, and famous architects such as Alvar Alto, Frank Lloyd Wright and Le
Corbusier have laid emphasis on this connection. A chronological discussion of
the history of architecture is beyond the scope of this chapter, but some important
examples of the last century will illustrate the diversity.

A defined starting point in time for biomimetics in architecture cannot be stated.
Inspiration from nature in architecture has existed at all times. The first human
dwellings were natural shelters, and archetypes such as caves and trees have been
used as models for architectural design throughout the history [2]. Biomorphic
designs mimicking formal aspects of biological models were extensively used in
many architectural styles, for example anthropomorphic floor plans in vernacular
building traditions. Natural materials were used to build shelters and houses,
and technologies to harvest and process materials were invented and are being
continuously developed further until today. Technology is one of the main driving
forces for architectural development. The formal transfer of constructions out of
ephemeral building materials to durable building materials such as stone is a well-
known phenomenon in architecture history, and is a source of information on
historical building technology. In Egyptian temples, phytomorphic analogies, forms
relating to plants, found in stone columns indicate the use of reed bundles and trunks
of palm trees as construction elements, and many other examples refer to symbolic
as well as pragmatic use of natures models [2].

The Renaissance genius Leonarda da Vinci, who strategically used nature as a
model, is often presented as first biomimeticist. The historical analysis of patents
derived by natural models revealed that reinforced concrete, one of the most
common modern building materials, was invented by the French gardener Joseph
Monier. He experimented with wire mesh to make plant pots more durable after
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having noticed the sclerenchymatic fibre structure, the strengthening tissue, of
decaying parts of opuntia, the prickly pear [1]. This very influential biomimetic
invention enabled architects and designers in the last century also to reform nature
in organic designs.

Hence in the 1950s, Pier Luigi Nervi, Gio Ponti and Oscar Niemeyer exploited
the structural potential of concrete, while others like, for example, Eero Saarinen
with his TWA Terminal and Jørn Utzon with the Opera house in Sydney took a
more biomorphic direction. The asymptote of design of organic space was Frederic
Kessler’s so-called Endless house [3].

Findings in natural sciences strongly influence architecture and arts, as can be
shown among many other examples by the work of biologist Ernst Haeckel [4]
that has been cited and reinterpreted from the turn of the twentieth century until
today, for example by the designer Luigi Colani [5]. Representatives of biomimetics
in architecture and theorists having researched the overlaps between nature and
architecture will be presented in the following.

7.2.1 Analogy and Convergence

The work of Frei Otto and his group in Germany was focused on “natural
constructions”, a concept encompassing many interesting properties, both in nature
and architecture [6]. The concept of “natural constructions” is ambiguous and can
include:

• Constructions and structures observable in nature, at all scales and levels of hier-
archy, from the nanosurface of the lotus leaf over materials, cells, tissues, organs,
populations and ecosystems to the universe itself (if non-living phenomena are
included)

• Buildings of animals that have evolved over a long time
• Traditional human building typologies that have developed over a long time
• Architecture showing any natural aspect, for example sustainable design

Frei Otto used an experimental approach that he called “synthetic analogy research”
to gain understanding of natural structures and processes like, for example, minimal
surfaces and the geometry of soap bubbles and foam. Principles of self-organisation
in nature were investigated to be used for form finding. Decades of research and
experimental development of methods, structures and materials brought about many
very inspiring publications on natural constructions and the development of a novel
building technology and typology: modern membrane constructions. The same
approach – but with less influence on building technology – was used by the famous
Antoni Gaudi and Heinz Isler, who developed a refined technology to build
ephemeral shell structures [7, 8]. All three experimented with hanging models
to find optimised forms – gravity and self-organisation were used to develop
efficient building structures with the least possible amount of material. The search
for light constructions culminated in the discovery of the so-called tensegrity
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structures by Buckminster Fuller and Kenneth Snelson in the 1960s [9]. Tensegrity
structures are self-stressing and have remarkable mechanical capacity compared to
the amount of material needed. The structures consist of tensioned elements, ropes
that create a continuous subsystem and elements under compression, which create
a discontinuous subsystem. The construction of vertebrates and the cytoskeleton of
cells seem to follow the same construction principle – an interpretation that was
found by Donald Ingber, who was inspired by Fuller and Snelson’s discoveries [10],
and one of the many examples of reverse information flow.

7.2.2 Strategic Search for the Overlaps Between
Architecture and Nature

In spite of the obvious importance of the connection between nature and architec-
ture, few attempts to strategically investigate the topic were made. Smaller fields
such as zoomorphic and anthropomorphic architecture were explored, the focus
lying more or less on the morphological aspect [11, 12].

Paolo Portoghesi compiled the encyclopaedic book “Nature and Architecture”,
which is not only the most extensive collection of analogies between nature and
architecture, but also discusses structural and functional parallels [2].

The first book on “Architekturbionik” was published by the Russian Juri
Lebedew in the 1970s and presents a comprehensive collection of then up-to-date
architectural developments worldwide, which relied on principles derived from
nature, even if their creators did not think of themselves as biomimeticists [13].
Werner Nachtigall published a book on “Bau-Bionik” focusing on analogies in
construction, and using structural categories to order natural constructions like fibre
reinforced structures, shells, folding structures or membranes [14]. Nachtigall also
refers to vernacular architecture as a source of solutions especially concerning
climatisation and building physics, and presents current projects that integrate
principles like natural ventilation.

Christopher Alexander has described in his life’s work “The Nature of Order”
an architectural interpretation of life and convergent pattern emergence in nature
and architecture, stating the importance of living structures as surrounding for
human existence [15]. Alexander is convinced of the necessity of a paradigm
shift, from the mechanised processes to widespread overall living processes that
involve unfolding wholeness and fundamental differentiation. He defines a living
process as any adaptive process that generates living structures, step by step, through
structure-preserving transformations. Alexander’s approach is not biomimetic, but
investigates and applies the topic of life and aliveness in an architectural context.

The “Design and Nature” conferences were launched in 2002, providing a forum
for a broad approach exploring nature and its significance to design and architecture
[16, 17]. The book “Nature Design” focuses on the relation between nature and
the broad field of design, and presents current as well as historic examples. Four
essays trace the historical changes in the relation between nature and design from the
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nineteenth century until today and establish connections to the respective political
and economic developments [18].

The author’s Ph.D. thesis on “Architekturbionik” [19] is the first strategic search
in biomimetics in architecture carried out since Lebedew’s groundbreaking work.
The use of the so-called criteria of life as an ordering system to categorise current
architectural developments is a new approach to investigate the overlaps between
nature and architecture. Imposing the life sciences terminology to a technical realm
delivers insights that could not be made otherwise and suggests future fields for
experimental development. The exploration of the signs of life in architecture has
shown that many of our current developments in architecture are based on one or
more aspects related to life, for example sensing and reaction, growth, locomotion
and others. Morphogenetic and evolutionary design strategies are still key issues
in the current architectural discourse and implemented into architectural design by
many research groups.

7.3 Strategies: What is Transferred and How is it Done?

7.3.1 What is Transferred?

The transfer of information from one discipline to the other is the most
interesting part of the biomimetic process. The transfer of form, the application of
morphological characteristics is most common in architecture and design and cannot
be excluded from discussion. Furthermore, the symbolic meaning is important, as
Sachs puts it : : :that forms inspired by nature become topical when modern society
finds itself in crisis, and that the use of organic forms is intended to bring about
harmonization and reconciliation with an external world perceived as hostile or
uninhabitable [18]. Even more general than the investigation and transfer of “natural
constructions” is the transfer of qualities that can be found in nature. Talking about
interesting “natural phenomena” would include for example the play of light falling
through foliage, emerging from a complex interplay of different parameters in
animate as well as inanimate nature. Nature’s phenomena can include surfaces,
materials and/or structures, functions, constructions, mechanisms, principles (e.g.
self-organisation) or processes (e.g. evolution), delivering models to be analysed,
abstracted and applied to architectural solutions on all scales and levels of design
(Fig. 7.1).

7.3.2 Methods

The following methods are used in biomimetics in general. Two different
approaches to biomimetic information transfer can be discerned according to the
direction of information flow respectively starting point of the search.
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Fig. 7.1 Scheme of nature’s categories, information transfer and application, based on [19]

• Biomimetics by induction – bottom-up – solution-based

– Takes the phenomena found in nature as a starting point, solution-based
approach

• Biomimetics by analogy – top-down – problem-based

– Takes the problem in technology as a starting point, problem-based approach

The terminology “top-down” and “bottom-up” in this respect was introduced
by Speck and Harder [20], together with a step-by-step description of activities
involved occurring during a biomimetic innovation process. Gebeshuber and Drack
criticise that this implies a ranking between nature and technology, and suggest
the use of “Biomimetics by Induction”, respectively, “Biomimetics by Analogy”
instead [21]. Researchers at the Georgia Institute of Technology at the Center for
Biologically Inspired Design have described similar processes in detail that they
name “solution-based” and “problem-based” approaches [22]. However, all groups
describe similar processes, and the experiences made with designing with nature as a
model seem to share similarities. The abstraction phase following profound research
in the life sciences is considered crucial for the success of transfer. Reduction
of complex information and identification of relevant parameters and boundary
conditions are necessary for this step. In order to keep options wide at the beginning
of information transfer, it is advisable to not categorise too strictly, but to follow the
paths of (also very personal) interest using intuition as an important guideline.

Both methods, solution-based as well as problem-based biomimetics, involving
both directions of information flow, were used in the design programmes guided by
the author, and the implications and outcomes will be discussed in the case studies
section (Fig. 7.2).
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Fig. 7.2 Comparative approach to biomimetic transfer, based on [1]

In the method of Biomimcry, the transfer of functional aspects is the most
favoured approach, stemming from the hypothesis that all existing constructions
and structures in nature have a functional cause, and that function is the key to
the establishment of suitable analogies. In contrast to biomimetics, environmental
responsibility and sustainability are directly implemented into the innovation
process. Innovation is understood in the notion of a necessity to push industrial
developments towards a sustainable future. Biomimicry principles are used as
guidelines and evaluation parameters for the innovation process [23].

BioTriz is a general biomimetics-based innovation tool, set up by a group of
researchers around Julian Vincent at the Center for Biomimetics in Bath. The system
is based on Altshuller’s “Theory of Inventive Problem Solving” that was developed
in the 1960s based on the analysis and statistical evaluation of technical patents
to identify key innovation principles. A TRIZ-based analysis of problem solutions
in nature has shown the profound difference of design in nature and design in
technology, while technology solves problems largely by manipulating usage of
energy, biology uses information and structure [24]. Only recent technologies such
as nanotechnology and smart materials work in a more “biological” way. BioTriz is
the adaptation of the system to “green” innovation, coming from nature rather than
technology [25].
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The system of BioTriz and the Biomimicry principles currently gain access to the
world of architecture and engineering. One of the largest engineering companies
worldwide, Arup, refers to Janine Benyus Biomimicry principles and researchers
of Buro Happold that offers multidisciplinary engineering consultancy make use of
BioTriz to develop innovative building technology [26, 27].

7.4 Application Fields: Successful Examples

Application fields in architecture are found on all scales, from nanoscale surface
definitions over buildings and elements to urban design. The complexity of archi-
tecture, its existence on many levels is on the one hand very interesting, as many
possibilities for biomimetic innovation exist, but on the other hand it is impossible
that all levels are involved in a biomimetic development.

Biomimetic innovation may, for example, only concern technical aspects that are
integrated into building technology, or may be limited to the use of a biomimetic
surface structure, such as the “Lotusan” paint (a product with self-cleaning proper-
ties, developed by the STO company in 1999 based on the “Lotus-effect” patent of
Prof. Wilhelm Barthlott).

For this reason, the visibility of a biomimetic approach in the final design is not
guaranteed, and not always aesthetic quality is involved. On the other hand, “bionic
architecture” starts to be introduced in the public as a new kind of what used to be
called “organic architecture”, and “bionic” is increasingly used for advertising pur-
poses. Holistic visions of a biomimetic architecture range between naı̈ve romanti-
cism and futuristic experimental design. The design proposals for a “Vertical Garden
City”, the so-called Bionic Tower of two Spanish architects, were promoted as the
first existing model of a “bio-ecological urban structure”, in spite of numerous less-
known serious attempts to sustainable design in high-density structures [28]. Based
on flexibility principles and biological structures, it is said to be adapted to the dif-
ferent economic, environmental and social conditions of the cities where it is built.
But the definition of a “biomimetic architecture” as a new style seems as impossible
as that of a “bionic car”, a concept car developed using the formal analogy of the
boxfish and biomimetic optimisation strategy. What can be stated in this example is
valid for architecture as well as other disciplines: a biomimetic approach to novel
solutions concerning a limited number of aspects of the design is used. For the
different architectural scales, selected recent architectural examples are presented in
the following, with regard to the qualities that have successfully been transferred.

7.4.1 Emergence and Differentiation: Morphogenesis

Emergence and differentiation are in the focus of the “Emergent Technologies and
Design” masters programme at the Architectural Association in London. Michael
Weinstock, Michael Hensel and Achim Menges’ team elaborate refined structures
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in close collaboration with experts in biomimetics, mathematics, structural engi-
neering and material science, investigating novel technologies. Material systems are
developed, which integrate form, material and structure according to the structures
found in nature. The projects that were developed by the students within this frame
explore, for example, dynamic relations and behaviour of occupation patterns, envi-
ronmental modulations and material systems, in natural as well as computational
environments. Morphogenesis is investigated as a new design strategy, based on
dynamic adaptation processes [29–31].

7.4.2 Interactivity

Kas Oosterhuis and his Hyperbody Research Group at the TU Delft explore what
they call the “building body” [32].

Protoarchitectural projects experiment with reactivity to environmental influence
and control. “Hyperbodies are pro-active building bodies acting in a changing
environment. The HRG [Hyperbody Research Group] introduces interactivity not
only in the process of collaborative design, but also during the use and maintenance
of buildings” [33]. The biomimetic fluidic muscle finds application in architecture
as easy to implement pneumatic actuation system for kinetic systems. One example
is Oosterhuis’ exhibition project “Muscle”, a pressurised soft volume wrapped in
a mesh of tensile Festo muscles, which can change their own length [34]. The
muscles generate an apparent uncontrolled overall behaviour by moving according
to programmed control, and in interaction with the visitors [35,36]. Interactivity on
a symbolic level is exploited by numerous architectural projects around the “media
facade”, which may be biomimetic due to reactivity and/or control.

7.4.3 Dynamic Shape

Shape change in architecture is the result of a morphogenesis, which is not static
any longer but a constant dynamic process of interaction between the building and
the environment. One of the first built structures that actually changes internal space
is Transformer, a temporary, shape-shifting structure designed by Rem Koolhaas
in Seoul, South Korea. The pavilion consists of a steel structure wrapped in a
translucent elastic membrane. The 20-m high structure has to be picked up by
cranes to be rotated [37]. An unbuilt but widely published project is the “Rotating
Skyscraper” by David Fisher, to be realised in Dubai. The idea of changing
orientation by rotation is not new, but the dimension of the project exceeds the
scale of rotating architectures that were built until today (e.g. the single family
house Heliotrop in Freiburg, Germany). The Rotating Skyscraper consists of a
central core, with the single floors cantilevering and rotating independently, thus
changing the orientation of the floor plans and the overall form and appearance
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of the building [38]. Experiments for adaptive structures are carried out at the
Institute for Lightweight Structures and Conceptual Design in Stuttgart. Patrick
Teuffel investigated the adaptation of structures by changing the stiffness or lengths
of individual elements to manipulate the flow of forces. He developed a design
concept for adaptive systems, the so-called load path management, a system that
dynamically adapts shape to load, thus replacing mass through energy in using
a “virtual” stiffness due to actuation instead of physical stiffness [39]. These
projects represent the validity of the biological paradigm in current architectural
development, without directly using a biomimetic approach.

7.4.4 Intelligence

Control is also an important issue in “intelligent buildings” that are intended to
provide an environment that adapts itself to the needs of the inhabitant in many
ways. One way to implement smartness in buildings is the use of smart elements or
materials that can react to environmental influence. Research and development in
intelligent building technology is focused on integration of sensors in architecture,
development of heating, cooling and ventilation systems, and on the overall control
of this environment, in interaction with the user [40]. Biological models for the
behaviour of integrated control systems are investigated by many research groups,
also at the Vienna University of Technology, for example by the Institute of
Computer Technology [41].

7.4.5 Energy Efficiency

Energy efficiency is one of the most important aspects linking biomimetic visions
with living nature. As building facades represent the interface between internal
space and environment, facade technology is a focus of research in energy efficiency
of architecture. Biomimetic approaches are manifold and range from diverse
adaptations of cacti to hot climate and intense solar radiation [42, 43] to ivy as
model for a solar energy harvesting system, which can be added to an existing
facade [42, 44]. Salmaan Craig developed energy-efficient building surfaces using
BioTriz, and in this way working with a variety of models from nature delivering
functional solutions [27]. Lidia Badarnah is part of the Facade Research Group at
the TU Delft that investigates the use of biomimicry as innovation tool mainly for
building envelopes [45]. Dirk Henning Braun compiled an analysis of different role
models from nature for a visionary adaptive permeable skin structure [46].

Apart from facade concepts, ventilation is another key issue. Natural models like
the termite mound and other passive ventilation systems in nature inspire innovative
building technologies, even if the phenomena may not yet be fully understood [47].



7 Biomimetics in Architecture[Architekturbionik] 137

7.4.6 Material/Structure/Surface

The differentiation between material, structure and surface is no longer valid when
working with nature as a model, which is important also for biomimetic approaches
to energy efficiency of facades. Research and development takes place on more than
one scale; so the topic of energy efficiency is strongly connected to the influence
of nanotechnology in architecture. Nanotechnology is the discipline of researching
and manipulating materials on the scale of molecules and atoms, providing entirely
new possibilities for the development of materials with desired properties. The use
of smart materials that can react to changing environmental conditions has already
become common in building industry. Self-cleaning and easy-to-clean surfaces
are applied in the glass industry and as coatings of construction materials and
products. Other functions of already available nanotechnological surface coatings
include anti-reflectivity, switchable transparency and darkening in photochromic
glass, anti-fingerprint, fire protection, antibacterial, scratch proofness, air cleaning
and microcapsules for fragrances [48]. Self-healing, self-repair and autonomous
energy supply are functions that already require nano-stucturing beyond surface
coating. Self-organised healing and repair of elements are especially interesting in
cases where local failure would lead to a total system breakdown, as in airplanes,
space technology or in pneumatic structures, which rely on air pressure to maintain
structural integrity. Self-repair according to natural self-repair mechanisms in plants
is explored by the Plant Biomechanics Group in Freiburg and applied to polymer
materials and membranes for pneumatic constructions [49]. Self-organised crack
polymerisation is experimented with for use in space applications and in concrete.
Hollow glass fibres filled or microspheres with polymer matrix are integrated into
composite materials. The breakage of the containers and the following release of
the sealing matrix fulfil the tasks of detection and solution at the same time [50].
Biological models for effective reversible and high adhesion like the gecko foot and
seashells are experimented with [51] also for expected implementation in building
industry.

7.4.7 Integration

The topic of integration has a diversity of notions in the context of biomimetics in
architecture. Integration of material, structure and surface is not a new idea, but new
micro- and nanosystems production technologies boost developments in this field.
The goal of a research project at the Massachusetts Institute of Technology in the
USA that explores hierarchical combination of Carbon nanotubes is to generate a
material architecture that governs a combination of structural, optical and fluidic
behaviour. “Construction in vivo” is a novel approach to designing, fabricating and
maintaining building skins by controlling the mechanical and physical properties of
spatial structures inherent in their microstructure. This material can be differentiated



138 P. Gruber

and adapted according to local and global context [42, 52]. On a macro-scale, fibre
composite materials lend themselves for the production of hierarchical material and
the integration of functional elements. Research at the ITV Denkendorf in Germany
explores the production of differentiated fibre composite structures with pultrusion
technology, following principles derived from plants [53]. The technology of
pultrusion (a synthesis of the terms pull and extrusion) that produces composite
fibres with continuous cross section is combined with a braiding technology to
create three-dimensional structures.

Integration of nature into architecture seems to increase with the density urban
structures are populated – developments towards integrative concepts come from
countries with very high population density: Ken Yeang’s concepts of green
skyscrapers, which intend to enhance quality of life and integrate architecture into a
cycle of resource and energy flow, were designed for urban areas in southeast Asia.
The architecture firm MVRVD’s world expo 2000 project of a stacked landscape
came from the Netherlands, one of the most densely populated countries in Europe.
Building with nature is another integrative concept, which is used by the so-called
Baubotanik group in Stuttgart, which makes use of living trees for architectural
structures like bridges and pavilions, together with a biotechnological approach
concerning the connections and integration of technical elements [54].

7.5 Case Studies

The author has more than 8 years of experience in biomimetics in architecture,
comprising guidance of students projects at the architecture faculty of the Vienna
University and Technology, design programmes, workshops and academic studies
[19,55,56]. The outline of the programmes and a selection of resulting projects will
be presented and analysed in the following.

7.5.1 Biomimetics Design Exercise

Biomimetics was introduced at the “Department for Design and Building Construc-
tion” at the Vienna University of Technology as part of a special education in
membrane constructions. Within this frame, a combination of lectures and design
exercises were carried out, using a thorough inductive approach, based on the
personal fascination for a natural phenomenon [55]. Approximately 60 students per
year attended the course, and about 25% of the design exercises were successful
in delivering innovative architectural concepts (even if far from being realised).
Challenges for the students ranged from selection of an appropriate model to finding
of scientific information, interdisciplinary scientific research, understanding and
abstraction of a principle to the identification of an application field and scenario.
In many cases, scientific information about the selected phenomenon was not



7 Biomimetics in Architecture[Architekturbionik] 139

Fig. 7.3 Geometrical analysis of pill bug [57]

Fig. 7.4 Model of pill bug shell, open and coiled up state [57]

accessible. In particular, when spatial issues in tangible scale were of interest,
the students themselves carried out research. In some cases, this basic research
exhausted the timeframe of the programme, but delivered surprising insights for
further studies. The examination of the geometrical characteristics of the pill bug,
for example, delivered insights about the functional morphology of the segmented
outer shell. The geometry of the segments and the position of the pivot points lead to
the almost spherical form of the coiled up animal [19,57]. This is a very interesting
system considering the efforts of mathematicians and designers to define patterns
for the tiling of spheres and curved shapes in general (Figs. 7.3 and 7.4).

Interest in spatial development or dynamics was characteristic for many natural
phenomena that were selected by the students. A successful translation of crystal
growth was carried out by Kieser/Oberndorfinger, who developed a pneumatic
structure that could change its overall shape [19, 58]. The system could be applied
to create a flexible space (Figs. 7.5–7.7).

The research of adaptive systems and the transfer to architectural applications
were issues that many students were interested in, obviously also inspired by
the current architectural discourse. Smart, reactive and interactive elements were
designed inspired by biological mechanisms investigated in a variety of plants
and animals. The inspiration for the experimental design project “aero dimm”,
a pneumatic facade with colour change option, came from the colour change of
cephalopod skin: Between two layers of a facade, elastic membranes change volume
by pneumatic pressure, creating dark parts on the surface. The ventilation tubes can
be integrated into the inside membrane of the system. “Aero dimm” could be used
for facade darkening as well as colour change (Fig. 7.8) [19, 59].

Reasons for failure in achieving a biomimetic transfer were manifold – simple
disinterest in nature, limited knowledge, selection of unexplored phenomena,
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Fig. 7.5 Pneumatic structure,
inspired by crystal growth
processes [58]

superficial examination, inability to identify abstract principles, misinterpretation
of the phenomenon and scaling problems to name a few. Successful transfers were
characterised by a focused research phase and precise abstraction of a principle to
be applied in architecture.

7.5.2 Biomimetics Design Programmes, Workshops and Studies

The design programmes were carried out at the Department for Design and
Building Construction at the Vienna University of Technology. The introduction
of biomimetics in larger design programmes required the introduction of a problem-
based method, as given architectural tasks had to be dealt with. The usual timeframe
for a design programme is one semester. In all programmes, the approach taken
in was a combination of problem- and solution-based approach that included the
following steps.

First, a broad search for interesting phenomena was used, which identified groups
of organisms and aspects that were assumed to be in some way interesting for the
given task. A research phase delivered scientific information on these phenomena.
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Fig. 7.6 Construction detail [58]

The many options were then gradually narrowed down using evaluation systems
that were based on the boundary conditions of the architectural task. The selected
examples were explored in depth, effective principles identified and applied to a
specific architectural assignment.

Two projects aimed at the development of architectural solutions for outer
space: “Transformation structure/space” (2004) and the study “Lunar Exploration
Architecture” (2006), a study for the European Space Agency [60,61]. Biomimetics
was used to find innovative designs for deployable structures for a lunar base.

The workshop “Bioinspired facade design” was carried out in 2007 in collab-
oration with the London-based architecture firm Horden Cherry Lee Architects
and a British surfboard company, Beach Beat surfboards. A team of architects and
engineers accompanied the programme from the Vienna University of Technology.
In contrast to other case studies, the task was clearly defined: the scope was
to design a specified part of facade cladding for a high rise building, with a
specific material technology that was taken from the sports industry, where high-
performance materials are commonly used and developed. Based on investigations
on repetitive structures in nature, for example locomotion rhythms of earthworm
[62], bark of trees, fractal structure of human lungs, etc., and on fibre composites
technology, four different design projects were developed until prototype stage
(Figs. 7.9–7.11).
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Fig. 7.7 Possible variations of the pneumatic space, sections and elevations [58]
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Fig. 7.8 “Aero Dimm” – inspired by cephalopods, pneumatic facade darkening [59]
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Fig. 7.9 “Worm” project, bioinspired facade design workshop, visualisation [62]

Fig. 7.10 Prototype model of facade element, fibre composite material [62]

Fig. 7.11 Horizontal section of “Worm” facade [62]

A comparison of all design exercises and programmes mentioned is presented
in the following table. For the comparison, the starting points, the transfer and the
endpoints of the four different studies are considered. The kind of programme relates
to the design task, intensity of research, availability of experts and duration of work
(Fig. 7.12) [56, 63].

The implementation phase often brought about new challenges and problems,
which was again handled in a biomimetic approach by the students, without being
instructed to do so. In this way, added biomimetic ideas were implemented in
the designs, which is being referred to as “added biomimetic approaches” in the
comparison table. This phenomenon was also observed in the studies of the “Center
for Biologically Inspired Design” at the Georgia Institute of Technology in the
USA and integrated into the method of the so-called compound analogical design
[64]. Consultancy of experts in the life sciences and/or biomimetic transfer was
experienced as very important and always stimulating. Growing abstraction of a
natural phenomenon increases applicability and transfer, but can remain superficial
when research was not profound enough.



144 P. Gruber

Biomimetic design
exercise

Transformation 
architecture

Lunar exploration 
architecture

Bioinspired facade 
design

Kind of program course in biomimetics design program study design program
Starting points topics out of nature 

according to 
individual interest

big topics like
folding mechanisms,
functional anatomy

different particular 
topics out of nature

grouped but 
particular topics of 
out of nature

Design task architectural 
application

space application lunar exploration facade cladding

Task defined after research parallel to research, 
scenario definition

parallel to research, 
scenario definition

task presented after 
first research steps

Intensity of research from superficial to 
intense literature 
research to own 
experimental 
research

intense literature 
research

intense literature 
research, own 
experimental 
research

literature research 

Transfer of function, 
construction, 
mechanism, material, 
locomotion, surface 
structure, spread, 
production process

mechanism, 
functional anatomy, 
function, locomotion

folding and 
deployment 
mechanism

repetitive form, 
geometry, rhythm of 
locomotion, function

Added biomimetic
approaches 

yes/no yes no yes
sustainability

Experts involved no / seldom biomimetics and 
space experts

biomimetics, 
mechanical 
engineering and 
space experts

no

Timeframe 2 months 1 semester 4 months 1 semester
Number of successful
projects 

133 4 1 4

Success rate 25% 50% 100% 100%
Difficulties finding of topic, 

abstraction
development of 
scenario together 
with application field

development of 
scenario together 
with application field

abstraction

Fig. 7.12 Comparison of programmes at TU Vienna regarding important aspects of transfer and
conditions

The development of an application scenario (e.g. in the space projects) was
experienced as an obstacle, and took much time and effort. On the other hand, can a
specified task result in oversimplified transfers?

As a result, the strategy to only roughly define an application field delivers the
most innovative results, but cannot be applied to particular tasks. Respective time
has to be allocated to the development of the application scenario.

Gradual differentiation of the design with respect to starting points and applica-
tion may deliver an applicable method for biomimetic architectural design.

7.6 Future Fields, Aims and Conclusion

7.6.1 Aims

Even if the biomimetic approach is not carried out thoroughly from analysis in
the life sciences to technical application, the use of models taken from nature
meanwhile seems to be a commonly used approach in current architectural design.
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Within the last decades, the use of biology’s paradigm in architecture has increased.
: : : it is now becoming evident that a new strand of biomorphism is emerging
where the meaning derives not from specific representation but from a more general
allusion to biological processes: : : [Biomorphism] signifies the commitment to the
natural environment: : : is apt to be considered more environmentally responsible
(or responsive): : : [11]. There seems to be a general belief that the use of biological
models will help to develop a more sustainable and ecologically responsible future,
which leads to a better quality of life in built environment.

It is beyond controversy that the discussion of nature and natural technologies
delivers increased knowledge and consciousness about ecological interconnections,
but biomimetics as a sole innovation tool can also deliver unsustainable products
and is not a panacea for all global problems [65]. The efforts of biomimetic
architectural development should be targeted to sustainability and energy and
resource efficiency, but application of a biomimetic innovation method does not
guarantee an ecological solution. Even if the investigation of nature’s principles
imply increased consciousness of natural processes and complexity, the aim to
design environmentally responsible has to exist independently from the innovation
method. Current developments in biomimetics in architecture and design also
include networking on an international level.

Scientific and commercial interests in biomimetics have led to the founding of
several organisations, such as the Bionc Engineering Network BEN in Germany
[66], BIOKON international based in Germany [67] with a group focusing on
architecture and design, BIONIS in the UK [68] with a focus on engineering and
the Biomimicry group in the USA [69].

7.6.2 Considerations About Future Developments

The one to one modelling, the creation of prototypes of new architectural solutions
is still important – the virtual modelling capacities and qualities do not yet reach
a stage where sole digital development would be sufficient to grasp the future
qualities of a new architectural solution. Until now, limited factors of buildings or
projects are investigated digitally, for example the influence of the sun, acoustics,
internal stresses due to loads and environmental forces. Moreover, consultants work
on these factors separately, considering different scales and different computer
modelling tools.

Digital models, on the other hand, allow the introduction of design algorithms
from nature: optimisation processes, growth processes, evolutionary processes for
example can be applied. The processes are relocated from the real world to a
digital model space. New production processes influence and determine the creation
of architecture. In the same way design and production will be modified by the
biological paradigm, when biomimetic principles are applied.

Marcos Novak, investigating actual, virtual and mutant intelligent environments
states: One of the fundamental scientific insights of this century has been the
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realization that simulation can function as a kind of reverse empiricism, the empiri-
cism of the possible. Learning from the disciplines that attend to emergence and
morphogenesis, architects must create generative models for possible architectures.
Architects aspiring to place their constructs within the nonspace of cyberspace will
have to learn to think in terms of genetic engines of artificial life. Some of the
products of these engines will only be tenable in cyberspace, but many others may
prove to be valid contributions to the physical world [70].

The future of biomimetics in architecture is the creation of visions with the
strength to establish innovation for the improvement of the quality of our built
environment.
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Chapter 8
Biomorphism in Architecture:
Speculations on Growth and Form

Dörte Kuhlmann

Abstract Many of the design methods applied by the current architectural avant-
garde can be traced back to one of the oldest and most influential ideas in
architectural history: the concept of organicism in its various guises. The basic
idea of organicism, to take nature as model, is one of the most oldest and most
fundamental aesthetic concepts in western art and architecture theory. Since the
Renaissance, it has shown an uninterrupted continuity, influencing architecture on
both the conceptual and the metaphorical levels. Not only classical but also modern
architects attempted to imitate natural forms or processes in design. While the
influence of classical philosophers waned during and after the Enlightenment, the
appeals to the authority of nature only intensified. Thus, the study of organicism
concerns a very basic question in the history of architectural theory as well as in the
current discourse.

8.1 Introduction

The form, then of any portion of matter, whether it be living or dead, and the
changes of form which are appearent in its movements and in its growth, may in
all cases alike be described as due to the action of force. In short, the form of an
object is a ’diagram of forces’, in this sense, at least, that from it we can judge of
or deduce the forces that are acting or have acted upon it [1]. The basic idea of
biomorphism, bionics, and organicism in architecture, to take nature as model, is
one of the most oldest and most fundamental aesthetic concepts in western art and
architecture theory. Since the Renaissance, it has shown an uninterrupted continuity,
influencing architecture on both the conceptual and the metaphorical level. As late
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as 1747, French philosopher and aesthetic Charles Batteux still reduced the fine arts
to a single principle, that of ars imitatur naturam.

The Aristotelian theory of organic form, as defined by Friedrich Schlegel and
Samuel Taylor Coleridge (and restated by some of the most famous twentieth
century architects, Frank Lloyd Wright, Hugo Häring, Le Corbusier, and other
architects following functionalist ideas), implies that the unfolding of the innermost
essence of a being is the source of value, and that any outside influences could only
be harmful. Aristotle does not hesitate to reason, for example, that “if the movement
of the soul is not of its essence, movement of the soul must be contrary to its nature”
[2]. This line of organicism sponsored functionalism and led naturally to an interest
in “authorless” planning, biomorphic strategies, vernacular traditions, and user
planning, all explored by many architects over the past decades. It also underlies
more recent avantgarde concepts such as the “death of the author,” which redefine
the role of the architect and provide a philosophical foundation for contemporary
design methods that use computer-generated forms and design algorithms while
referring to natural sciences.

The obvious difficulty in designing from the inside out is to determine what
the essential nature of a building is. While Peter Eisenman’s early houses or Greg
Lynn’s projects have occasionally been understood as proposing the building as an
end in itself, most architects choose to see a house as a reflection, expression, or
extension of its inhabitant. In the Nicomachean Ethics, Aristotle maintained that
“handicraft is he that made it,” implying that the limits of an entity are not the limits
of its immediate body but that houses and machines, for example, are parts of living
beings, extensions of man [3]. Following this suggestion, a house should be read
neither as “dead matter” nor as a natural entity but as a natural secretion of a person
in the same sense that a snail secretes its shell.

Not only classical but also modern architects attempted to imitate natural forms
or processes in design. Sir James Hall proposed already around 1793 a neogothic
willow cathedral constructed of living trees, which was rebuilt for the IGA in
Rostock 2003 (Fig. 8.1). While the influence of classical philosophers waned during
and after the Enlightenment, the appeals to the authority of nature only intensified.
Thus, the study of organicism and bionics in architecture concerns a very basic
question in the history of architectural theory as well as in the current discourse.

8.2 The Essence of Nature

Despite a long line of various traditions of ars imitatur naturam, nature has not
always been considered as a purely positive realm. We do not have to go far in
history to find vivid attacks of nature such as postulated by Leopardi:

Now despise yourself,
Nature, you brute force
who furtively ordain universal doom,
and the infinite futility of all existence [4].
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Fig. 8.1 James Hall, Willow Cathedral, credit: RIBA Library Drawings Collection

With these terse and chilling words, Giacomo Leopardi ended his poem “To
Himself” in early 1833 [4]. Although the poem hit a new lugubrious low in western
letters, Leopardi was not proposing anything novel. In his resentment of nature, he
was rather perpetuating a tradition which goes back at least to the Orphic doctrine
of soma sema, according to which the body (and by extension all nature) is a cruel
and alien prison from which the human soul struggles to break free to return to its
proper spiritual home.

Yet, the overwhelmingly dominant tradition of Western thought is predicated on
the confident identification of the natural with the good. Seventy-five years before
Leopardi’s poem, Denis Diderot stated categorically that “water, air, earth and fire,
everything in nature is good. Even the gale, at the end of autumn, which rocks the
forests, beats the trees together, and snaps and separates the dead branches; even
the tempest, which lashes the waters of the sea and purifies them; even the volcano,
casting a flood of blazing lava from its gaping side, and throwing high into the air
the cleansing vapour.” Rejecting anthropocentric ethics, Diderot defined the good as
that which comes from nature as opposed to anything devised by man who has been
“perverted by the wretched customs of society” [5].

The inherent goodness of nature has been accepted by most classical thinkers
who have sought to ground both ethics and aesthetics on the example of nature.
Aristotle’s definition of art as the imitation of nature provided the unquestionable
premise for two millennia of classicism.

Looking at the most recent developments in architecture, there are certainly
different ways the Aristotelian principle of ars imitatur naturam has been applied,
both in architectural theory and in design. Besides the Platonic, imitation of the
forms of natural beings, many architects picked up issues of anthropomorphic
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proportion, the doctrine of form and function being interdependent, the implications
of ecological thinking for architectural theory, the influence of natural sciences, and,
finally, the very concept of organic unity.

8.3 Nature as a Source for Form

Like the current avantgarde, architects of the past turned to contemporary debates in
philosophy and natural sciences to develop new design strategies. In architecture,
the notions of organicism led to the rather Platonic imitation of natural forms
(Mimetics). Callimachus, the alleged inventor of the Corinthian order, is credited
for designing a bronze chimney in the form of a palm tree in the Erechtheion.
The application of plant and animal shapes to ornaments constitutes perhaps the
most obvious case of architecture imitating nature, but the principle was not always
limited to small details. Claude-Nicholas Ledoux designed a phallic-shaped brothel
(1792) and Lequeu a dairy in the form of a cow (1790). Later, Rudolf Steiner
married Callimachus and Ledoux in his design for the heating plant in Dornach
(1914); Herb Greene built his vacation house in a shape evocative of a buffalo or
a “prairie chicken,” (1960) and Imre Makovecz gave the dormers in his buildings
eyelashes (1982).

Even though modern functionalist architects rejected naturalist ornaments, they
still found in nature “the eternal example for every human creation,” to quote
Walter Gropius. Not only for Frank Lloyd Wright but also for his arch-enemy
Le Corbusier, Mother Nature was the “great and eternal teacher” [6]. Yet the
lessons they learned from their eternal alma mater were radically different. Even
poststructurally oriented theorists, such as Greg Lynn and Daniel Libeskind, often
make references to nature and to the natural sciences, although their work can be
seen as a re-interpretation if not a challenge of the organic paradigm.

In most cases, such a design approach was based more on semiotic than aesthetic
concerns. The champions of l’architecture parlante, for example, reached for a
universally understandable language of architecture. Makovecz, on the other hand,
has attempted to get to the essence of architecture by investigating the biomorphic
etymologies of Hungarian words related to buildings. Other architects have some-
times adopted natural forms for structural purposes. Henrik Petrus Berlage, inspired
by one plate of Ernst Häckel’s popular Art Forms in Nature, used one of his jelly
fish images to design a lamp (Fig. 8.2).

However, the more recent designs of Frank Gehry, Future Systems, Renzo Piano,
and others also show strong affinities to the structures of natural organisms. Santiago
Calatrava and Nicholas Grimshaw, for instance, design expressive skeletons that
fold and bend like body parts, as can be seen in Calatrava’s garage door that
folds like an eyelid. Even more explicit may be the shape of the H2O Pavillon by
Nox and Oosterhuis architects, which evokes a stranded whale while its interior
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Fig. 8.2 Ernst Haeckel, Acanthrophracta- Tafel aus Kunstformen der Natur

seems to address the fluidity of a virtual, liquid “Deleuzian” space.1 The computer-
generated designs of Greg Lynn, Lars Spuybroek, and Jeff Kipnis follow a “blob
grammar,” which resembles the amorphous forms and viscous transformations of
natural organisms one sees in floating jellyfish [7].

8.4 Natural Processes

In his Hydrogen House project for Vienna, Greg Lynn for example started with a
simple, symmetrical triangular volume which gets deformed in a process by solar
rays and the shadows they cast on the building. Lynn calculated each phase of
the transformational process with a computer and simulated the changing shape

1Deleuze considers traditional notions of space and time as unifying forms imposed by the subject.
He claims that pure difference is non-spatio-temporal, an idea, which he calls “the virtual”.
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Fig. 8.3 Greg Lynn, Hydrogen House Vienna, credit: c� Greg Lynn

of the building (Fig. 8.3). The result is a metamorphosis of form as a movement
in time proceeding from east to west. In this regard, the Hydrogen House no
longer confesses to “the ethics of stasis”. Lynn explains: “Architectural form is
conventionally conceived in a dimensional space of idealized stasis, defined by
Cartesian fixed-point coordinates. An object defined as a vector whose trajectory
is relative to other objects, forces, fields and flows, defines form within an active
space of force and motion. This shift from a passive space of static coordinates to an
active space of interactions implies a move from autonomous purity to contextual
specificity” [8].

For the Hydrogen House and other designs, Lynn has produced computer videos
that explain the generation of the forms from the dynamic interaction of contextual
forces. The animated sequence illustrates the dynamism vividly, but at some point,
Lynn always stops the process and chooses a static image as the finished design
for the building is not itself supposed to move. Many critics have complained about
Lynn fetishizing the dynamic animation video but then taking the motion away from
the actual architectural object. Yet it is possible that the Hydrogen House is not
the best illustration of animate form: because the work was for a while intended
to be built, Lynn might have had to make compromises concerning construction,
cost, or other factors. His Long Island House Project, on the other hand, must be
taken as representative of his main interests, as no external matters enter into the
design process. It is remarkable how closely the project resembles late sculptures
by Umberto Boccioni.2

2The design began as an analyses for a small weekend house. Lynn mapped the site based on visual
attractors using forces of various shapes. Into this field of forces he placed various flexible house
prototypes in order to study their alignments and deformations.
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Some of Lynn’s designs end up much the same way as Boccioni’s sculpture:
as symbolic depictions of movement or dynamic forces. The objects simply are
not animate, unless the word “animate” is understood in a special sense. Indeed,
Lynn articulated this sense in explaining that “animation is a term that differs
from, but is often confused with, motion. While motion implies movement and
action, animation implies the evolution of a form and its shaping forces; it suggests
animalism, animism, growth, actuation, vitality and virtuality” [9]. While Lynn’s
characterization of “animation” (which is probably meant to apply to “animate”
as well) differs from those in standard dictionaries, it is nonetheless enlightening.
Most of the words in the above quote are recognizable as shorthand for ideas
that Lynn discussed in his earlier essays: “actuation” and “virtuality” referred to
Deleuze’s philosophy, “growth” perhaps to D’Arcy Thompson’s Growth and Form,
and “vitality” probably to Bergson’s vitalism [10]. The word “animism” seems
to be a recognition of the fact that seeing Lynn’s designs as animate require a
kind of Einfühlung or empathy which is also present in animistic religions. To
understand Lynn’s reference to “animalism”, however, one needs to consider an
earlier discussion of animate form: theosophical speculation on “hyperspace”, in
particular by P. D. Ouspensky and Claude Bragdon.

Long before Lynn, Frei Otto explored different ways of re-interpreting natural
systems to develop architectural shapes and structures. Opposed to Lynn, he was
interested in the form rather than the process or motion. From the early 1970s,
Frei Otto began fusing forms found in nature with modern building techniques
and computer logistics. His book Biology and Building 2 (1972) examined ways
in which the lightweight sandwich construction of bird skulls could be applied to
architecture; a further volume published the following year dealt with the strength
and beauty of spiders’ webs. The goal of Otto was to stretch man-made structures to
their limits with a most economical use of material. Further research examined the
structure and building properties of for instance bamboo and soap bubbles (Fig. 8.4).

Fig. 8.4 Frei Otto, credit: c� BauNetz Media, see www.baunetz.de/db/news/?news id=82689
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Otto observed that given a set of fixed points, soap film will spread naturally
between them to offer the smallest achievable surface area. Several experiments
followed and Otto established his position between architect, artist, and engineer.
His quest to discover light, strong, responsive, and elegant structural solutions for
buildings drew his research toward nature as reflected in his 1995 study Pneu and
Bone, which considered the structural properties of crustaceans [11]. Another very
promising direction has more recently been taken by Shigeru Ban, who was certainly
influenced by Frei Otto, with whom he later also collaborated, by developing
architectural shapes in relation to natural bubble and parabolic structures.

8.5 Organic Versus “Mechanical” Form

Organic forms have often been opposed to geometric forms. Peter Sloterdijk’s book
Sphären has been considered by many architects to be a standard reference work
of organically shaped and pneumatic architectonics such as presented in the early
1970s by Cedric Price, Coop Himmelb(l)au or Haus-Rucker, to name but a few [14c]
(Figs. 8.5 and 8.6). The idea was to create a new kind of living environment which
is not only a second skin for its human inhabitants but rather an organically shaped
living structure. However, under the influence of aerospace industry, such formal
ideas were often connected to utopian visions of a future world with new building
materials, future techniques, and of course a different society that was still to come.
Reyner Banham critically described these architects as “Zoom Wave Newcomers”
who present an alternative architecture – that would be perfectly possible if only the
Universe was differently organized [12, 13].

Fig. 8.5 Haus Rucker & Co, credit: c� Haus Rucker & Co
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Fig. 8.6 Installation von Haus Rucker & Co am Friedericanium in Kassel zur documenta 5, credit:
Haus Rucker & Co

Although Frei Ottos experiments had a much more rational starting point, they
were still a challenge for the clean cut right angle of modernism (Figs. 8.7 and 8.8).
Yet organic and geometrical shapes were not always seen as oppositions. Louis
Sullivan, for example, started with a simple square intersected by diagonal and
orthogonal axes to create delicately floral motifs. In his “Essay on Inspiration,”
he describes the fusion of geometric and organic forms as a design principle of
nature, finding in it a transcendental, religious dimension. Influenced by Emanuel
Swedenborg, a Swedish scientist, philosopher, Christian mystic, and theologian,
Sullivan recognizes the “feminine” principle in floral, organic forms which emerge
from the underlying geometric “masculine” form. The idea that life is generated
from such oppositions and that the universe rests on a dualist foundation is a
fundamental idea in his architecture [14].

Interestingly enough, Sullivan saw no contradiction between ornament and
function, despite his reputation as a forerunner of modernist theory; rather, he
considered ornament as a necessary element. The opposition of geometric versus
amorphous forms, which was not an issue for Sullivan, bitterly divided later
theorists. One problem concerned the definition of organic form. Claude Bragdon
saw two fundamental possibilities, designed vs. organic architecture, and recognized
this duality as a basic principle of life. Designed architecture is conceptual and
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Fig. 8.7 Frei Otto, Olympic Stadion, Bilderarchiv Institut für Architekturwissenschaften, TU
Wien

Fig. 8.8 Frei Otto, Olympic Stadion, Bilderarchiv Institut für Architekturwissenschaften, TU
Wien

artificial, created by talent and influenced by taste, whereas organic architecture
is unconscious, free, and imaginative. However, he had to concede that the two
kinds of architecture could not always be clearly separated [15]. In a similar vein,
Walter Curt Behrendt talked in the 1930s about the opposition between organic and
mechanical order [16].



8 Biomorphism in Architecture: Speculations on Growth and Form 159

Numerous attempts to limit organic theory to the formal phenomenon alone
could not survive closer scrutiny and in practice led to an incoherent set of
divergent variations. Antoni Gaudi’s or Hermann Finsterlin’s positions, for example,
were criticized by Bruno Zevi who felt that organic architecture should never
be understood as the application of forms derived from or inspired by plants
and animals nor as the more metaphorical representation of nature. Again and
again in his Towards an Organic Architecture, he disavows the use of biomorphic
imagery which in his mind reduces aesthetic pleasure to physiological or sexual
sensations [17].

A new solution to the age-old dilemma of organic vs. mechanical form was
offered in the 1970s by the popularization of fractal geometry. This branch of
mathematics was popularized by Benoit Mandelbrot, who promoted it as a geometry
of nature. Frustrated with the inadequacy of mathematics to model certain natural
phenomena, Mandelbrot found that the apparent disorder of nature reveals, on
closer inspection, repetitions of certain structures [18]. He was able to provide
equations that reproduced the irregular, fragmented patterns of natural phenomena,
through the use of iterative processes: branches of trees made from innumerable
smaller branchlets, a convoluted coastal landscape comprised of countless smaller
involutions, the shape of a feather created out of myriad smaller “feathers” at ever
smaller scales. Mandelbrot traces this observation back to Eugene Delacroix who in
his turn refers to Swedenborg’s claim “that the lungs are composed of a number of
little lungs, the liver of little livers, the spleen of little spleens” and so forth [19].

8.6 Bionics and Cyborgs

The American author and architecture theorist Anthony Vidler stated in the early
1990s that the boundaries between the organic and the inorganic have been blurred
by cybernetic and biotechnologies. Nowadays, they seem to be less sharp than
ever before: “the body, itself invaded and re-shaped by technology, invades and
permeates the space outside, even as this space takes on dimensions that themselves
confuse the inner and the outer, visually, mentally and physically” [20].

Indeed, inspired by countless science fiction novels, recent developments in
medicine and virtual intelligence, intelligent materials, automation, etc., the archi-
tectural discourse turned once more to the old idea of the house as second skin or
living being.3 However, this time the question was where to draw the line between

3This debate originated in Jack E. Steeles work, who coined the term bionics, and his research
on cyborgs, which inspired Science Fiction writer and aviation expert Martin Caidin, to write his
famous Cyborg book in 1972. The popular American TV series The Six Million Dollar Man (and
the following spinoff The Bionic Woman), popularized, unfortunately somewhat inaccurately, the
term bionics. Steele’s original intention for bionics was the study of biological organisms to find
solutions to engineering problems, a field which is today known as biomimetics. The interpretation
of the biological paradigm represented by the so-called signs of life was examined in [21].
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building and user or the natural and the artificial. Donna Haraway’s famous Cyborg
Manifesto became a strikingly important new philosophy for several architects and
theorists which sponsored again an interest in natural processes and the question of
what the essence of an organism might be: “A cyborg is a cybernetic organism, a
hybrid of machine and organism, a creature of social reality as well as a creature
of fiction. Social reality is lived social relations, our most important political
construction, a world-changing fiction. The international women’s movements have
constructed ‘women’s experience’, as well as uncovered or discovered this crucial
collective object. This experience is a fiction and fact of the most crucial, political
kind. Liberation rests on the construction of the consciousness, the imaginative
apprehension, of oppression, and so of possibility. The cyborg is a matter of
fiction and lived experience that changes what counts as women’s experience in
the late twentieth century. This is a struggle over life and death, but the boundary
between science fiction and social reality is an optical illusion” [22]. As Haraway
pointed out, cyborg refers to cybernetic organism, describing a kind of hybrid of
the natural and the artificial, mechanical. Originally, the term “cybernetics” was
introduced by the mathematician Norbert Wiener in the 1940s to describe the
study of complex systems of control and communications in animals and machines.
Hernan Diaz Alonso explored these issues in several formal experiments, which
would usually turn into exhibition architecture but sometimes housing projects as
well. His designs recall the aesthetics of science fiction artist Giger yet also surpass
the borderline between art and architecture, sculpture and building, organism and
machine (Figs. 8.9–8.11).

However, soon the debate moved from the individual building to the urban
context and contemporary city planning including infrastructure, as Gandy pointed

Fig. 8.9 Hernan Diaz Alonso, Prototype Concepts Cell Phone, credit: Diaz-Alonso Project: Cell
2006/Cell Phone/Prototype Concepts Client – Confidential c� Xefirotarch/MAK
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Fig. 8.10 Hernan Diaz Alonso, Exhbtn Detail Pitch Black, “Spider”, credit: Diaz-Alonso PITCH-
BLACK, 2007, Rendering, Hernan Diaz Alonso Detail, Spider c� Xefirotarch/MAK

Fig. 8.11 Hernan Diaz Alonso, Project: Stockholm 2006, credit: Diaz-Alonso, Project: Stockholm
2006/Stockholm/Competition, Stockholm Sweden, c� Xefirotarch/MAK

out: “The emphasis of the cyborg on the material interface between the body and the
city is perhaps most strikingly manifested in the physical infrastructure that links
the human body to vast technological networks. If we understand the cyborg to be
a cybernetic creation, a hybrid of machine and organism, then urban infrastructures
can be conceptualized as a series of interconnecting life-support systems” [23]. The
modern home, for example, has become a complex exoskeleton for the human body
with its provision of water, warmth, light, and other essential needs. The home
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can be conceived as “prosthesis and prophylactic” in which modernist distinctions
between nature and culture, and between the organic and the inorganic, become
blurred. And beyond the boundaries of the home itself we find a vast interlinked
system of networks, pipes and wires that enable the modern city to function.
These interstitial spaces of connectivity within individual buildings extend through
urban space to produce a multi-layered structure of extraordinary complexity and
utility” [24].

From this perspective, it is only a short move to questions of superorganisms,
ecology, and more recently new concepts of sustainability, and the idea, that
everything is connected, while a small change in one area might challenge the whole
system (as exemplified in the butterfly effect).

8.7 Ecology

A building could be seen as issuing from its inhabitant, but it could also be
seen as growing from the earth like a plant, much as national styles and art
forms (according to Johann Gottfried Herder) arose from the soil of their time
and place. In recent years, ecological architecture has become the focus of much
research, provoked by the 1970s energy crises. However, while attempts to develop
sustainable architectural systems with minimal energy use and minimal waste
are certainly important, the theoretical implications of ecology also need to be
addressed. One of the central issues concerns the individuation of organisms in
ecological thought. Instead of conceiving of a plant or an animal as a separate
entity as would have Carl Linneus, ecologists usually focus on populations and the
interrelation of organisms and nonliving nature in ecosystems. A squirrel could in
fact not exist without the plants it eats; these would not grow except for certain
minerals, water, air, etc. Logically applied, then, the ecological point of view
entails the concept of an ecological superorganism, a concept proposed by Frederic
Clements in 1916. It states that different ecosystems are organisms in their own
right, with particular emergent properties that their constituent parts, animals, and
plants do not have.

The application of such considerations to architectural and urban design raises
several questions. Just as no organism is self-sufficient but rather merely an open
system interacting with others in a larger ecosystem, neither are buildings self-
sufficient nor independent. In cities, building tap into the infrastructure of water
pipes and sewers, electric lines and communications, and streets. This idea was
given artistic and graphic expression in Peter Eisenman’s Wexner Center for the
Visual Arts in Cincinnati, where the grid of the building extends onto the sidewalks
as inlaid brick in the concrete.

Frei Otto and Shigeru Ban addressed this question of interconnection and
interaction of architectural systems and their environment from a global ecological
perspective. The main theme of their Japan Pavilion at Hanover Expo was to create
a structure that would produce as little industrial waste as possible when it was
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Fig. 8.12 Frei Otto, Shigeru Ban, Japanese Pavillon, Expo Hanover, Model, credit: shigeru ban
architects

Fig. 8.13 Frei Otto, Shigeru Ban, Japanese Pavillon, Expo Hanover, exterior, credit: shigeru ban
architects

dismantled (Figs. 8.12 and 8.13). The goal was either to recycle or to reuse almost
all of the materials that went into the building. The structural idea is a grid shell
using lengthy paper tubing without joints. The tunnel arch was about 73.8 m long,
25 m wide, and 15.9 m high. The most critical factor was lateral strain along the
long side; so instead of a simple arch, a grid shell of three-dimensional curved
lines was chosen with indentations in the height and width directions, which are
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Fig. 8.14 Shigeru Ban, Modell Paper-Log-House, Kobe, credit: shigeru ban architects

stronger when it comes to lateral strain. One has to keep in mind that the artistic
agenda behind this project is just as important as in Eisenman’s building, the main
difference being that Otto and Ban preferred nonstandard, innovative structures and
materials, while considering issues of industrial waste.

Shigeru Ban’s temporary “log” houses in Kobe, Kaynasli, and Bhuj also explore
issues of ecology and sustainability, however, this time built for the victims
of the earthquakes in catastrophe areas (Fig. 8.14). The temporary shelters have
foundations that consist of donated beer crates loaded with sandbags. The walls
are made of 106-mm diameter, 4-mm thick paper tubes, with membrane roofs.
For insulation, a waterproof sponge tape backed with adhesive was sandwiched
between the paper tubes of the walls. Sustainability does not only concern building
materials but also concern social issues.4 The units are easy to dismantle, and the
mostly local materials can be easily disposed or recycled. The log houses in India
show a particular feature. It was coated with a traditional mud floor. For the roof,
split bamboo was applied to the rib vaults and whole bamboo to the ridge beams.
A locally woven cane mat was placed over the bamboo ribs, followed by a clear
plastic tarpaulin to protect against rain, then another cane mat. Ventilation was
provided through the gables, where small holes in the mats allowed air to circulate.
This ventilation also allowed cooking to be done inside, with the added benefit of
repelling mosquitoes.

4This building method proved to be very cheap and therefore affordable: the cost of materials for
one 52 square meter unit was below $2000.
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8.8 From Fractals to Catastrophies

Eisenman and his followers, however, are interested not so much in practicing
ecology but in processes as discussed in natural sciences, mathematics, and physics.
In the 1980s, Eisenman aspired to a “tectonic literature” that will write itself,
absolving him from the responsibility of authorship and the guilt of authority. To
this effect, he proposed several design methods that attempted to dislocate the
author from the work by replacing the designer’s intentional choice with either
aleatory systems or the impersonal determinism of an algorithm. A number of his
projects, built and unrealized, were developed using scientific models: fractals in the
Wexner Center in Columbus Ohio, 1989; the genome in the Biozentrum in Frankfurt,
1989; “Boolean” cubes for the Carnegie Mellon Research Institute in Pittsburgh;
the “butterfly cusp” diagram of catastrophic events for the Rebstock Park Housing
in Frankfurt, 1992; the Möbius strip for the Max Reinhardt Haus project for Berlin,
1993; and soliton wave studies for the Jörg Immendorff Haus in Duesseldorf, 1993.

The longest standing of these was his interest in the “scaling” aspect of fractal
geometry. Borrowing the term from Mandelbrot, but ignoring the mathematician’s
intuition that “the fractal new geometric art shows surprising kinship to Great Master
paintings or Beaux Arts architecture,” Eisenman attempted to revive the avantgarde
project by reading fractals as analogous to Jacques Derrida’s deconstruction, and
vice versa [25]. Eisenman believed that fractal geometry could overturn the “meta-
physics of scale” in Western architecture, because the self-similarity of fractals
destroyed the possibility of originality, an originary trace, and a decidably “real”
scale [26]. This interpretation must, however, be rejected. If self-similar recursivity
questions origin, so too do self-sameness, reflexivity, resemblance, or similitude
in general, and fractals have no monopoly on dislocating origins. Furthermore,
in Eisenman’s projects such as the Wexner Center or Frankfurt Biozentrum, self-
similarity was limited to but a few privileged points, while in fractal geometry, every
point has that property. Finally, Eisenman introduced neither self-similarity nor the
principle of scaling to architectural design. Charles Jencks points out that Bruce
Goff “virtually invented fractalian architecture before the fact” in his design for the
studio of Joe Price, overlaying of triangles, hexagons, trihexes, and lozenges [27].
In fact, the repetition of self-similar forms is found throughout architectural history,
most evident in Gothic cathedrals and even in Greek and Egyptian temples.

Although scaling, folding, and other mathematically inspired design algorithms
fail to bear out authorial claims about their fractal, deconstructive, rhizomatic,
or scientific nature, they do make some progress toward realizing the ideal,
proposed by both Hugo Häring and Stéphane Mallarmé (among countless others),
of completely erasing the author and letting the work create itself in a natural,
unmediated way [28]. Influenced by Hegelian philosophy, Mallarmé wrote to Henri
Cazalis already in 1867, “I am impersonal now: not the Stéphane you once knew, but
one of the ways the Spiritual Universe has found to see Itself, unfold Itself through
what used to be me” [29].
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In some of Eisenman’s designs, such as his Romeo and Juliet project of 1986, the
designer almost disappears, just letting various discourses, including Shakespeare’s
play and the city of Verona, to intersect and unfold in new combinations. Completed
for the 1986 Venice Biennale, the project was to present the dominant themes of the
Romeo and Juliet story in architectural form. Through the diagrammatic processes
of superposition and scaling, the plan of the city of Verona was transformed to reveal
the themes of Shakespeare’s play.

While Eisenman’s algorithmic designs have succeeded at times in displacing
the author and disrupting the standard categories of architecture, his methods
have been criticized by his own authority. Jacques Derrida accused Eisenman’s
scaling of being “totalizing first because it is structured as a closed narrative
entirely determined by origin and end – it does not respect textual openness and
indeterminacy. Secondly, scaling is an anathema because it is the vehicle by which
Eisenman seeks to replace one totality, traditional design, with a new and different
totality” [30].

Chastened, Eisenman and his followers moved from Mandelbrot’s fractal geom-
etry and Derrida’s deconstruction to René Thom’s catastrophe theory paired up
with the philosophical ideas of Gilles Deleuze. In its emphasis on unpredictable,
locally emergent properties which result from feedback loops and irreducible,
nondecomposable diffusion of decisive factors, catastrophe theory seemed the ideal
response to Derrida’s charge of totalization in the scaling method. Inspired by
D’Arcy Wentworth Thompson, René Thom had developed catastrophe theory as
a way of addressing biological morphogenesis mathematically. Catastrophe theory
can supply a number of descriptions of morphological transformations – provided
they can be approximated by dynamic systems with fixed points as their attractors –
but mathematicians are divided over the means of deciding whether observable
discontinuity on the level of phenomena can be interpreted as a mathematical
jump in the space of the attractors. However, Peter Eisenman’s Max Reinhardt
Haus project for Berlin (1993), which is partly based on these ideas, resembles the
crystalline architecture of the Czech Cubist Pavel Janak.

The point has often been made that the architecture of Eisenman, Lynn, Chu,
NOX, Marcos Novak, and others bears a certain formal similarity, for example, to
the Merzbau of Kurt Schwitters, to Czech Cubism, to Boccioni’s futurism, and to
the chronophotographs of Etienne-Jules Marey. One of the reasons why the designs
of the new avantgarde look so much like experiments of a 100 years ago might be
that contemporary architects are still reading the same books, looking at the same
pictures, and engaging in the same issues as the artists of around 1900.

Although most applications of catastrophe theory (by Christopher Zeeman and
others) have produced empirically false predictions, this does not necessarily
invalidate it as an explanatory paradigm. However, the application of catastrophe
theory in architecture is a different ball game altogether, since we are dealing
not with descriptive but normative issues. Robin Evans once suggested that Peter
Eisenman’s houses were not so much analogs to language as they were three-
dimensional models of Noam Chomsky’s theory of language. Eisenman’s work in
the 1980s can similarly be seen as attempts to petrify Jacques Derrida’s beliefs about
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trace, différance and effacement in concrete, steel, and glass [31]. His more recent
applications of the work of Deleuze or Thom are not essentially different – the
question is why these theories about natural or social processes, which they purport
to describe, should be reproduced in architecture?

Different reasons have been proposed by contemporary writers. Greg Lynn
suggests that architects should use complex curved and folded planes because recent
advances in computer modeling have made topological descriptions of such forms
accessible to non-mathematicians [28]. Why the mere possibility of drafting certain
forms with precision would justify those forms is, however, unclear – unless one
subscribes to a variation of the classic principle of plenitude (i.e., the thesis that all
true potentialities need to be actualized) or to some kind of organicist belief that
everything is interconnected and hence every innovation must have consequences in
every domain of life.

A different defense for the use of chaos theory in architectural design is provided
by Charles Jencks, who claims that the task of architecture is to tie human
beings into the cosmos by building close to nature, thereby representing “the basic
cosmogenic truth” of self-organization, emergence, and jumps to a higher level. Like
Renaissance theorists, he insists that architecture must look to contemporary science
for “disclosures of the Cosmic Code” and claims that Frank Gehry’s design for the
Guggenheim Museum at Bilbao reflects best the new paradigm. Only by looking
”to the transcendent laws which science reveals,” can architecture “get beyond the
provincial concerns of the moment, beyond anthropomorphism and fashion” and
“regain a power that all architecture has had” [32]. While ostensibly declaring
avantgarde architecture to be as advanced and intellectually respectable as modern
science, Jencks’ New Age vision nevertheless relegates architecture to an inferior
position, subordinate to natural science.

8.9 Form Follows Function

In order to fulfill the conditions of an organic unity or organic whole, it has been
common in western architecture to make use of the proportions of natural beings
rather than reproducing their forms. Vitruvius advocated basing the proportions of
a building on those of a perfect man, establishing a tradition that inspired numerous
reconstructions and revisions, the most famous one in modern architecture being Le
Corbusier’s Modulor of 1948, which overlaid the image of a man on the Fibonacci
series, found in the shell of the spiral nautilus and which formed the basis of the
golden section.

Yet in the eighteenth century, British empiricists had argued against the idea that
architecture should imitate the proportions of natural organisms. In A Philosophical
Enquiry into the Origin of Our Ideas of the Sublime and Beautiful, Edmund Burke
argued that proportion is not the cause of beauty in vegetables, nor can the notion of
architectural proportion be derived from the Vitruvian man. His major arguments
against the Vitruvian doctrine ran as follows: “Men are very rarely seen in this
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strained posture; it is not natural to them; neither is it at all becoming. – the view
of the human figure so disposed, does not naturally suggest the idea of a square, but
rather of a cross; – several buildings are by no means of the form of that particular
square, which are notwithstanding planned by the best architects, and produce an
effect altogether as good. [Finally, Burke concluded,] no two things can have less
resemblance or analogy, than a man, and a house or temple: do we need to observe,
that their purposes are entirely different?” [33].

Burke’s tacit assumption was that if the purposes of a man and a house are
different, then their forms should be different as well. In this, he relies on another
Aristotelian commonplace: that an entity is defined by its telos or goal. For Aristotle,
ars imitatur naturam meant that artists should work like nature – not by imitating
the appearance of natural organisms, but by letting their creations unfold their own
natures. If Aristotle is correct, nature does nothing in vain, “God and nature create
nothing that has not its use” [34].

The fundamental tenet of functionalism that of designing “von innen nach
aussen” agrees with Aristotelian essentialism [35]. Mediated by Romantic and
Transcendental thought, the Aristotelian principle of creation was reformulated
in 1896 by Louis Sullivan, “It is the pervading law of all things organic, and
inorganic, of all things physical and metaphysical, of all things human and all
things superhuman, of all true manifestations of the head, of the heart, of the
soul, that the life is recognizable in its expression, that form ever follows function.
This is the law.” [36]. Many architects turned directly to nature to study somewhat
optimized structures, in particular load bearing systems and streamline forms like
so many projects by Buckminster Fuller (Dymaxion Car 1933, Dymaxion House
1945, Geodesic Dome in Montreal 1967) (Figs. 8.15–8.18). Tree structures and
tent structures were also objects of investigation among modern architects. With
his students, Frei Otto developed already in the early 1960 various concepts of
branched pillars after the modell of trees. The feasibility study “Tree Structures”
for an exhibition hall at Yale University, USA, in 1960 was further developed in
the support pillars of a six-angle gridshell in the Kings Office at the Council of
Ministers in Majlis al Shura, Riyadh, Saudi Arabia, 1979 (Frei Otto together with
Rolf Gutbrod, Büro Happold, Ove Arup, and Partner).

Santiago Calatrava’s designs are often inspired by nature, featuring a com-
bination of organic forms and technological innovation. A good example is the
Milwaukee Art Museum expansion, which incorporates multiple elements inspired
by the Museum’s lakefront location (Figs. 8.19 and 8.20). Among the maritime
elements in Calatrava’s design can be distinguished movable steel louvers inspired
by the wings of a bird; a cabled pedestrian bridge with a soaring mast inspired by the
form of a sailboat and a spider web and a curving single-storey galleria reminiscent
of a skeleton or a wave. The smooth flight of a giant bird inspired the spectacular
extension for the main building whose immense “wings” open and close with the
museum. More or less the same form is repeated in his vision for a Port Authority
transit hub in New York City (Fig. 8.21). A comparable bird-like structure seems
to be also the basis of the Qatar Photography Museum, which opens and closes
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Fig. 8.15 Buckminster Fuller, Dome and Car, Bilderarchiv Institut für Architekturwissenschaften,
TU Wien

Fig. 8.16 Buckminster Fuller, Dymaxion Car, Bilderarchiv Institut für Architekturwissenschaften,
TU Wien
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Fig. 8.17 Buckminster Fuller, Geodesic Dome, Bilderarchiv Institut für Architekturwissens-
chaften, TU Wien

Fig. 8.18 Ernst Haeckel, Detail from Art Forms in Nature, Bilderarchiv Institut für Architektur-
wissenschaften, TU Wien

depending on the amount of sunlight. The key idea of the Museum of Photography
is an ultra-light structure consisting of two immense curved “wings” which will
open and close with the light, fine-tuned to the needs of the exhibitions, just like the
lens of a camera, which goes back to the movement of the pupil.
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Fig. 8.19 Santiago Calatrava, Art Museum Milwaukee, c� calatrava architects

8.10 The Concept of Organic Unity

In architectural theory, the notion of organic unity was accepted on Aristotle’s
authority until the nineteenth century, when new interpretations were proposed on
the basis of contemporary biology. Paraphrasing the biologist Georges Cuvier, the
architect Eugène-Emmanuel Viollet-le-Duc wrote: “Just as when seeing the leaf of
a plant, one deduces from it the whole plant; from the bone of an animal, the whole
animal; so from seeing a cross-section one deduces the architectural members; and
from the members, the whole monument” [37].

This argument was later repeated by Adolf Loos, who claimed that one could
reconstruct an entire society from a single button.

Both Gottfried Semper and Viollet-le-Duc turned to biology to argue their
position in the debate as to whether form follows function or vice versa. This
debate began in the 1830s with the establishment of morphology and comparative
anatomy. While Cuvier proposed the “form follows function” theory, his rival
Etienne Geoffroy Saint-Hilaire insisted one could not draw conclusions for the
structure by looking at the function, arguing that no matter what their function, all
organic forms could be reduced back to original types. In this conviction, he came
close to Goethes earlier theory of the Urpflanze, the original plant.
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Fig. 8.20 Santiago Calatrava, Art Museum Milwaukee, interior, Bilderarchiv Institut für Architek-
turwissenschaften, TU Wien

By the 1840s, biologists rejected both Cuvier’s and Saint-Hilaire’s position
and questioned in general the validity of teleological interpretations of natural
phenomena. Contrary to the theses of Viollet-le-Duc and Cuvier, an investigation
of any organism immediately reveals an arbitrary number of parts, shape, structure,
or function of which allow for no adequate explanation. Yet, despite the efforts
of a century of Darwinism to present evolution as a process involving the random
mutation of genes, with natural selection weeding out only those mutations that
fatally affect populations, many organicist writers continue to view evolution as a
teleological process of improvement in which organisms have achieved a perfect
adaptation to their environment – permitting some ecologists to take it as axiomatic
that all ecosystems are in perfect homeostasis, only upset by the thoughtless
interventions of humankind. Such an idea of nature, as a perfectly functioning
ecological complex, is not derived from empirical observation but rather from extra-
scientific, usually theological, sources.
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Fig. 8.21 Santiago Calatrava, NYC, Transportation Hub, c� Courtesy of the Port Authority of
New York and New Jersey

Be that as it may, the Aristotelian ideal of an organic whole has pervaded
modern architecture, even the theories of architects who never used natural forms in
their designs. Thus, Ludwig Hilberseimer, for example, demanded that “all works,
however different, must originate in a unified spirit” [38]. Similarly, Ludwig Mies
van der Rohe defining a structure turns to the Aristotelian concept of organic wholes
when he says, “by structure we have a philosophical idea. The structure is the whole,
from top to bottom, to the last detail with the same ideas” [39].

In what is perhaps the most virulent formulation of organicism, the philosophy
of G.W.F. Hegel, the concept is understood in terms of the interconnectedness or
the essential fragmentary nature of everything as Richard Shusterman pointed out:
In his Logic, Hegel wrote: “Everything that exists stands in correlation, and this
correlation is the veritable nature of every existence. The existent thing in this way
has no being of its own, but only in something else” [40, 41].

According to the British philosopher George Edward Moore, the Hegelian notion
of an organic unity claims that “just as the whole would not be what it is but for the
existence of its parts, so the parts would not be what they are but for the existence
of the whole” [41, 42]. The idea is that emergent properties belong to the parts as
well as the whole. A severed hand, for example, cannot function at all in the way we
expect of a hand. Things with different properties must be different things, so that a
hand severed from its body detached is not the same thing as a hand still connected.
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Hence, parts of an organic whole (in the Hegelian sense) are inconceivable, except
as parts of that whole.

Yet Moore rejected this view, because it confuses properties belonging to the
whole with properties of one of its parts. Even more significantly, he viewed the
Hegelian notion of an organic whole as self-contradictory, because it assumes that
a part is distinguishable from the whole while simultaneously asserting that the
part contains some aspects of that whole as part of itself. In other words, radical
organicism postulates that any individual part we distinguish as an element in the
whole cannot be so distinguished – the part is, it is not part of a whole.

Obviously, Derrida’s theories are a form of radical organicism, based on the
universalization of Ferdinand de Saussure’s diacritical linguistics or Friedrich
Nietzsche’s belief that “in the actual world Œ: : :� everything is bound to and
conditioned by everything else” and his conclusion that “no things remain but only
dynamic quanta, in a relation of tension to all other dynamic quanta: their essence
lies in their relation to all other quanta” [41, 43].

We have already seen that radical ecology makes similar claims for biological
systems. In Derrida’s hands, organic diacriticism leads, among other things, to the
dissolution of the work of art as an independent entity, as defined by modernist
criticism.

Hence, the very concept of an organic unity is self-contradictory. Yet, even post-
structuralist writers accept the notion in their critical practice, for the assumption of
unity is required of the concept of a work of art which in turn forms the basis of the
interpretive activity [44–46]. The concept of organic unity is therefore inexorably
bound with the concept of a work of art – only if taken as a unity does a thing exist
as a work of art [47]. In the same way, Mies van der Rohe compared different types
of buildings to roses and potatoes, explaining that, “while both are based on the
same natural principles, we ask of a rose only that it be a rose; we ask of a potato
only that it be a potato. Philosophically speaking, only then do they exist.” [48].

8.11 Conclusion

Despite their authors’ claims of producing something radically new, many of the
design strategies applied by the current architectural avantgarde can be traced back
to one of the oldest and most influential ideas in architectural history: the concept
of organicism in its various guises. Aristotle’s definition of art as the imitation of
nature provided the unquestionable premise for two millennia of architecture.

While attempts to base architectural design on the example of nature are typical
of stylistic crises and indicative of a search for new, possibly objective foundations,
the implications of organicism are not limited to particular styles or forms [49–51].
Rather, they are general and fundamental enough to relate to contemporary issues
at any time and pose radical questions. More recently, the challenge of ars imitatur
naturam focuses on the author and the object, sustainability, and imitation of natural
processes.
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The objective of following “nature” as revealed through the natural sciences or
the “nature” (essence) of the particular building de-emphasizes the authorial self-
expression of the architect and ultimately leads to the “death of the author,” as
announced by Roland Barthes in the artistic context or the reconstruction of natural
materials and processes within the structural context. The notion of a building as
a functional unity comparable to an organism necessitates a questioning, on one
hand, of what is a function, how it is historically, physically and socially constituted,
and what would qualify as a functional unit of study, and on the other hand, how
body, function, and building and the chiasmatic relationships between them may be
articulated. If the argument sketched above is correct, the assumption of the building
as an autonomous entity or an independent whole has soon to be given up.
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12. P. Sloterdijk, Sphären. Eine Trilogie (Suhrkamp Verlag, Frankfurt, 2005)
13. R. Banham, Zoom wave hits architecture. New Soc. (1966)
14. L.H. Sullivan, Kindergarten Chats and other Writings (Dover Publications, New York, 1979),

p. 188
15. D. Sharp, Organische Architektur — eine Art, Natur zu verstehen und wiederzugeben?

Archithese 5, 17 (1988)
16. W.C. Behrendt, Modern Building (Harcourt, Brace and Company, New York, 1937), p. 11f
17. B. Zevi, Towards an Organic Architecture (Faber & Faber, London, 1950)
18. B. Mandelbrot, The Fractal Geometry of Nature (W.H. Freeman, San Francisco, 1982)



176 D. Kuhlmann

19. B. Mandelbrot, Fractal as a morphology of the amorphous, in Fractal Landscape from the real
World, ed. by B. Hirst (Cornerhouse, Manchester, 1994)

20. A. Vidler, Homes for cyborgs: domestic prostheses from Salvador Dali to Diller and Scofidio.
Ottagono 96, 37–38 (1990)

21. P. Gruber, Biomimetics in Architecture [Architekturbionik] – the architecture of life and
buildings, Doctoral thesis, Vienna University of Technology, 2008

22. D. Haraway, A cyborg manifesto: science, technology, and socialist-feminism in the late
twentieth century, in Simians, Cyborgs and Women: The Reinvention of Nature (Routledge,
New York, 1991), p. 149

23. M. Gandy, Cyborg urbanization: complexity and monstrosity in the contemporary city. Int. J.
Urban Regional Res. 29(1), 28 (2005)

24. A. Vidler, The Architectural Uncanny, Essays in the Modern Unhomely (MIT Press,
Cambridge, 1992), p. 147

25. B. Mandelbrot, Fractal as a morphology of the amorphous, in Fractal Landscape from the real
World, ed. by B. Hirst (Cornerhouse, Manchester, 1994)

26. P. Eisenman, Moving Arrows, Eros, and Other Errors: An Architecture of Absence (Architec-
tural Association, London, 1986), p. 4

27. C. Jencks, The Architecture of the Jumping Universe (Academy Editions, London, 1995), p. 44
28. K. Jormakka, Total control and chance in architectural design. Acta Polytech. Sc. 99, 35–41

(1994)
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37. E.E. Viollet-le-Duc, Dictionnaire raisonné de l‘architecture française du XIe au XVIe siècle
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Chapter 9
Fractal Geometry of Architecture

Fractal Dimension as a Connection Between Fractal
Geometry and Architecture

Wolfgang E. Lorenz

Abstract In Fractals smaller parts and the whole are linked together. Fractals are
self-similar, as those parts are, at least approximately, scaled-down copies of the
rough whole. In architecture, such a concept has also been known for a long time.
Not only architects of the twentieth century called for an overall idea that is mirrored
in every single detail, but also Gothic cathedrals and Indian temples offer self-
similarity. This study mainly focuses upon the question whether this concept of
self-similarity makes architecture with fractal properties more diverse and interest-
ing than Euclidean Modern architecture. The first part gives an introduction and
explains Fractal properties in various natural and architectural objects, presenting
the underlying structure by computer programmed renderings. In this connection,
differences between the fractal, architectural concept and true, mathematical Frac-
tals are worked out to become aware of limits. This is the basis for dealing with
the problem whether fractal-like architecture, particularly facades, can be measured
so that different designs can be compared with each other under the aspect of
fractal properties. Finally the usability of the Box-Counting Method, an easy-to-use
measurement method of Fractal Dimension is analyzed with regard to architecture.

9.1 Fractal Concepts in Nature and Architecture

9.1.1 From the Language of Fractals to Classification

For a long period of time, nature has been an inspiration for architects, which implies
copying natural forms, translating them into floral ornamentation or using underly-
ing structures found in nature for static optimization and many other possibilities
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of translation. Fractal Geometry has provided scientists with an improved approach
to analyzing and generating natural forms. In 1975, the computer-scientist Benoit
Mandelbrot introduced the term Fractal to describe irregular, non-smooth curves,
and to distinguish self-similar non-smooth structures from smooth Euclidean ones.
When he writes that clouds are not spheres, mountains are not cones or bark is
not smooth, this shows very clearly that Euclidean geometry lacks the capability
to describe natural objects [1]. With his concept of Fractal Geometry, Mandelbrot
has increased and broadened our insight in nature. Over two thousand years,
our environment had primarily been described in terms of classical Euclidean
Geometry – the geometry of simple shapes – and people had focused on a simplified
view of nature. Fractal Geometry, however, offers methods to describe and produce
nature-like objects directly, using the underlying structure rather than describing
them with simple forms or reducing the overall form by dividing it into more simple,
smooth components. The language of Fractals enables us to describe the twisted,
rough and irregular surfaces of our environment by a few simple rules without
reducing their complexity. The major question in this article is whether the language
of Fractals may also be applied to architecture.

The language of Fractals can be illustrated with the help of the Barnsley
fern, a computer generated fern named after the American mathematician Michael
Barnsley (Fig. 9.1). It is supposed to resemble the Black Spleenwort, Asplenium
adiantum-nigrum. At first sight, the shape of the natural fern can only be described
precisely by defining each detail in an extremely time-consuming process. This type
of description could be compared with a non-compressed computer image, saving
information about every single dot in large files. Describing a facade in that way
would mean providing information on size and position of every single architectural
element, including roof, doors, windows, window-strips and columns down to even
small-sized ornaments. Barnsley used the iterated function system (IFS) to generate
an image of the fern with only four relatively simple transformation rules. Four
different configurations of translating, reducing and rotating an initial rectangle or
converting it into a single line – and the right fine-tuning – are the basis for a fern-
like image. In that process the overall information is reduced to a few underlying
construction rules – the algorithm is then the language that is used to describe
Fractals. Even though the complex output may not be an exact copy of its natural

Fig. 9.1 Barnsley fern
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counterpart, the character is the same and, by fine-tuning, the image can become a
very close approximation. How can we draw an analogy between that approach and
methods found in architecture? Some architects used basic ideas and basic motifs
as a designing tool. Horizontality for instance can be regarded as the basic idea of
Robie House by Frank Lloyd Wright – not only for a first impression but also for a
deeper understanding.

Focusing on details of the fern we become aware of its fractal characteristics. No
matter which part is analyzed, it looks like the whole or, putting it differently, the
same characteristics can be discovered on each level of scale – the basic settings of
the configuration are present in each part. This phenomenon is called self-similarity,
and one of the main properties of Fractals is as follows: smaller parts of an image are
hierarchically linked to the whole. Analyzing nature in terms of Fractals shows that
nature, from mountains to coastlines and down to plants, is based on self-similarity –
it is self-similarity that makes nature so fascinating from the large to the small.
In case of Robie house horizontality is evident in the overall view as well as in
the horizontally stretched roofs, window-strips and even in details such as long-
stretched bricks. The basic idea of horizontality is the common denominator for
all the individual components that form a complex whole. As the example of the
fern illustrates, Fractal Geometry can be used to simulate complex natural objects
with the help of simple algorithms, even if, in many cases, no clear rule of the
object’s development can be identified at first sight. That is, the right configuration
of translating, reducing and rotating has to be found first. But as soon as the right
configuration has been detected, complex natural objects can be described with the
help of Fractal Geometry. This may also be true for complex artificial objects.

In architecture Mandelbrot distinguished buildings of the Beaux-Arts, which
are close to Fractal Geometry, from buildings by Mies van der Rohe, which he
calls scale-bound throwback to Euclid [1]. It seems that Euclidean Geometry of
Modern architecture – throughout this study the term of Modern Architecture is
used for those styles using the design vocabulary of simplification of form and the
elimination of ornament – is mostly reduced to a few elementary objects. Even if
every single architectural element of a smooth architectural design has to be defined
by its size and position, the resulting data set remains manageable. But, would
this mean that the Fractal concept is not valid for classical Modern architecture?
At first sight, no connection between different elements can be found that might
reduce the data set to a set of a few construction rules or to basic ideas. But on
closer observation there are such rules, for instance rules developed out of systems
of proportion that are applied to all elements from the overall facade to the very
small detail. Fractal-like architecture is characterized by the presence of various
details of several different sizes that are linked together. Le Corbusier demonstrates
how this connection can even be based on a certain angle only, e.g. at the facade
of a villa he designed in 1916 [2]. There a specific angle defines the diagonal of
the overall facade whose numerous parallels together with their perpendicular lines
determine the dimension of elements of the second order such as doors, windows
down to certain details. Le Corbusier created a similar example with House Ozenfant
in 1923. In those examples all elements such as windows and individual parts but
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also the whole are based on a system of proportion. The only difference between
these examples and architecture that is regarded as more fractal-like is the limited
range of scales.

If architecture is analyzed from the point of view of Fractal Geometry, an index
of coherence can be introduced. On the very low end, there is an absolutely smooth
plane then, an empty rectangle, which is not fractal but belongs to Euclidean
Geometry. The index of coherence is increased if fractal properties such as self-
similarity and others, which will be described in the following section, are present.
Facades belonging to this section are then called fractal-like, because they are not
Fractals in a mathematical sense, but offer fractal properties within a limited range
of scales. In case of such facades, single architectural components of different sizes
are combined, leading to a consistent overall composition. At the upper end of the
index of coherence, we can find architectural examples with many unlinked details,
hence confusing patterns. “Unlinked details” means that architectural components
of different sizes are not interrelated, for instance by a formal basic idea. That
means while approaching such a building the observer is confronted with constantly
changing and often confusing new impressions.

The systems of proportion at the facade of House Ozenfant are only applied
within a restricted range of scales and, in addition to that, the facade looks rather
smooth. Those are reasons that put the facade of House Ozenfant on the lower end
of the index of coherence, while Robie House can be placed in the middle because
of its self-similar characteristics.

9.2 Fractals: A Definition from a Mathematical
and an Architectural Point of View

Fractals can be explained by their properties. These include roughness, self-
similarity, development through iterations, infinite complexity, dependence on
starting conditions, they are common to nature and their Hausdorff dimension
exceeds their topological dimension. A simplified definition of the Hausdorff
dimension can be illustrated by covering a set of points of finite expansion in a three
dimensional space with a minimal number of balls N.R/ of radius .R/. Decreasing
the radius will enlarge the number of spheres. The Hausdorff dimension .dH/ is then
defined by

dH D � lim
R!0

log.N /

log.R/
:

9.2.1 Roughness and Length Measurement

Roughness can be described very well if we look at the coastline of Norway,
where Fjords with their sub-bays, inlets, cliffs and rocks lead to a very fractional
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border in contrast to a circle offering a smooth border. This also becomes evident
in connection with length measurement. Benoit Mandelbrot introduced Fractal
geometry with the question: “How long is the coastline of Britain” [1]. This is not
a trivial question. For length measurement, different maps of various scales can be
used, which represent different distances between the observer and the coastline.
A large scale may correspond to the view out of an aeroplane hundreds of meters
above ground, while a small scale may correspond to the impression an observer
gets when walking along the coastline on foot. If we keep in mind the example of
the Fjords, it is obvious that each time a smaller part of the coastline, represented
on a map of smaller scale, is analyzed, new sub-bays will become visible, which
could not be identified in the previous large-scale map. The length measurement
of the coastline on a map using a larger scale presents a rough image of the real
coastline as it only includes the larger bays. If the same section of the coastline
is measured on a small-scale map offering a more detailed version of reality, the
larger bays mentioned before are indented by smaller bays so that the measured
length increases. In other words, length depends on the details presented on the map
used, or on the measuring devices in the real world. In contrast to the Fjords, if
the borderline of a circle is analyzed in the same way, the length measurement will
follow a different behaviour. If we use smaller and smaller measuring devices, length
will tend to a limiting value very quickly (approximation through polygon with “N”
edges). This is because no additional details will be presented while zooming in.
The difference between Fractals and Euclidean objects (e.g. squares and circles)
then lies in the fact that length measurement fails for the first ones.

What does length increase look like in a mathematical fractal such as the Koch
curve, a famous representative of a classical Fractal? The construction rule of the
Koch curve starts with a straight line of length one, which is called the initiator.
This line is then divided into three equal parts (Fig. 9.2). The middle part is replaced
by an equilateral triangle, whose base line is removed. This adjustment of four
smaller lines is called the generator of the Koch curve. As the resulting structure
consists of four scaled-down copies (four lines) of 1/3rd of the initiator (one line
of the initial size one), the overall size increases by 4/3rd. In the next step, each of
the four new lines is again replaced by the generator, resulting in 16 scaled-down
copies. The scaling factor in relation to the initial line is now 1/9th. That means
the length increase is 4/3rd by 4/3rd or in other words 16/9th. From this it was not
only followed that the length increases by 4/3rd from one iteration – that is a step of
replacement – to the next, but also that the offsets of the curve increase – a higher
degree of roughness can be identified. For the third iteration length increase – in
relation to the initiator – is 4/3rd by 4/3rd by 4/3rd or 4/3 above 3. Expressed in a
more general way this leads to the following equation

L.i/ D .N.1/ � s.1//
i

with .i/ indicating the number of iterations, .L.i// the length of the curve after .i/

iterations, .N.1// the number of single lines of the generator and .s.1// the reduction
factor of the generator, being one third for the Koch curve. From one iteration to the
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Fig. 9.2 Koch curve

next, the curve gets longer and longer, hence more and more twisted, which means
it is getting rougher from iteration to iteration. Because mathematical Fractals are
results of infinite iterations, the final length is infinite.

9.2.2 Scale Range and Distance

As the above example of coastlines shows, scale range and distance determine the
degree of roughness and detail the viewer is able to see. These factors also influence
a viewer’s perception of a building. From far away, the viewer will only perceive
very large components, the silhouette and significant edges. This view corresponds
to an elevation of large scale that only includes a few details. Approaching the
building, the observer’s attention begins to focus upon the sequence of base, middle
or roof part. Then windows and doors or the rhythm of columns are the most
prominent parts. Zooming to one of the next levels it turns out that (e.g.) windows
consist of smaller details such as window frames and window handles, but even
walls offer smaller parts such as face bricks or tiles. Thinking about grain of wood,
the cascade of details will come down to the material itself. For Salingaros, the size
of the smallest detail has to correspond to the smallest perceivable scale [3]. This
clearly shows that facades are in general not smooth Euclidean two-dimensional
planes, which is per se valid for Modern architecture as well as organic architecture
or any other style. Elevations as two-dimensional translations of facades are rather
something between lines, defined by edges, and the plane, defining the surface.
Before architecture can be analyzed and buildings compared with each other from
the point of view of coherence between elements of different sizes, or more precisely
with regard to self-similarity, it is important to define the range of scale first – it has
to be standardized. The range correlates with the distance of the observer while
approaching the building and the smallest possible detail that can be perceived from
certain distances.

9.2.3 Self-Similarity: An Important Attribute of Fractals

Self-similarity is an important property of Fractals. In mathematical terms, two
objects are similar if their corresponding angles are identical and their correspond-
ing sides are in proportion regardless of their size. An object is called self-similar if
one or more of its parts look like the whole. The parts can be exactly similar or
approximately similar. The Koch curve is exactly self-similar because each part
is an exact, scaled-down copy of the whole. The final Koch curve is the result
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of applying similarity transformations (scaling, translation, rotation) to the initial
object, which modifies proportion by the same factor. The resulting scaled-down
copy may be rotated or transformed while the shape remains the same. If the pieces
of the object are scaled down by different amounts in different directions, the fractal
is then called self-affine instead of self-similar. When simulating nature the factor of
chance has to be added. The new structures are called statistically self-similar, that
is whenever small copies, looking like the whole, have variations [4]. Parts show
the same statistical properties at many different levels of scale. This is important for
describing natural objects, but also architecture. When we, for instance, examine
certain parts of coastlines, they do not just represent scaled-down, transformed and
rotated copies of the whole, but show a similar character and degree of irregularity.
Cliffy coastlines offer the same strong irregularity from the very large to the very
small level of scale, similar to gently twisted coastlines offering the same softness
all over as well.

Geometric shapes with fractal properties had already been known long before
the term Fractals was introduced and long before all the facts about Fractals
were combined to form a theory. The Koch curve for instance – a continuous
curve without tangents – was already presented in 1904. In connection with length
increase, it was indicated that the number of components (single lines) of smaller
scales increases from one iteration to next. In architecture, fractal properties had also
been used consciously but also unconsciously, which is true for Gothic cathedrals
as well as for Robie house by Frank Lloyd Wright [16, 17]. Carl Bovill already
drew an analogy between writings of Frank Lloyd Wright and the fractal concept
[5]. According to Frank Lloyd Wright, nature should be a source of inspiration.
Carl Bovill demonstrates that for Frank Lloyd Wright the underlying organizing
structure of nature – which is finally the fractal concept – is of particular interest.
The fundamental idea of bringing the characteristics of a horizontal environment,
the Prairie, into the building by Frank Lloyd Wright, Robie House, is implemented
on many levels of scale, from the wide overhanging roof and stretched storeys
over window strips and horizontal parts of walls to the design of the horizontal
and straight joints [15]. The number of components that are evident on a specific
level of scale increases from the overall view over the level of scale that includes
windows down to ranges of scale on which details of bricks and material become
visible. Analogously, a cauliflower consists of a smaller number of similar scaled-
down components that again consist of many scaled-down components. In this sense
examples such as Robie House can be called fractal-like architecture. Architecture
is called fractal-like if the whole and all other formal elements are derived from
one basic idea and, by that, a simple, specific form characterizes the expression of
the building. Parts are then reflections of the whole, the formal elements are held
together in scale and character [5]. Eero Saarinen also pointed out that a building
should follow the strong, simple concept of the whole – each part has to be an
active component of a certain overall theme. This is valid irrespective of the point
of time when decisions to follow such an overall theme are taken: Right from the
start with regard to ground plan or construction-system or at a later stage, when
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detailed elements such as colours inside the house or even door-handles are in the
architect’s focus of interest [6].

9.2.4 Architectural Examples

There are different approaches to self-similarity in architecture: Self-similarity in
architecture may arise from a basic proportional system, from a basic form or
from an overall idea. To give another example, Rietveld-Schröder house in Utrecht
(Netherlands, 1924) offers coherence from the large elements to the small ones [17].
The architect Gerrit Rietveld translated the use of form of the Stijl, with basic forms
and basic colours, into architecture. Those basic forms are taken from Euclidean
Geometry and include straight lines, planes and slabs that are detached from each
other and seem to glide past – the floating space playing an important role [7]. The
building is characterised by large openings, horizontal and vertical elements and
an intersection between inside and outside elements. The cascade of architectural
components starts with basic spatial and constructive structure, formed by few main
elements of large white slabs (windows and doors are cut out). Then, on a smaller
level of scale smaller slabs for balconies and canopies follow, while linear elements
such as rainwater pipes add vertical and horizontal accents. Inside, an analogy can
be drawn between the basic elements and window-frames, sliding and revolving
panels and their linear hanging. Coming even closer, the basic elements are repeated
in the design of the furniture, from chair to modular cupboard. The translation of
basic elements into smaller levels of scale connects the furniture to the architecture
around. This example illustrates that even though the number of iterations is limited,
the basic idea of separating components by means of form and colour and the
composition of planes and linear accents is nevertheless evident within all levels
of scale.

There is one more example we should deal with: in 1956, Bruce Goff constructed
the Joe Price studio in Bartlesville, Oklahoma. The basic idea of construction was
focused on 60ı angles and their multiplication or subdivision to hexagons and
triangles [8]. Once again self-similarity occurs on the basis of a simple component, a
certain angle. Variations of the basic element can be found from the large elements,
including the roof, with the basic shapes forming a twisted outline, down to the
small size of decorative elements. Inside in turn, the ceiling, the walls, the hexagonal
sitting hole, which is a hollow in the floor, and certain details are based on triangular
shapes. The individual components of different sizes are variations of the basic
theme and therefore offer coherence within all levels of scale. Such variation arises
from the material used and from purpose such as deflecting sound in the music room.

The work of Antoni Gaudı́ offers fractal-like architecture as well [16]. Although
buildings by Antoni Gaudı́ appear very complex, they are nevertheless coherent.
This is not a surprise because Gaudı́ pointed out the importance of dealing with
details to produce a complete work of art. As an example the use of curved
construction stones and nature-like, organic forms can be found all over Sagrada
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Familia from outside to inside from large elements to small details. Gaudı́ was
interested in the forces of nature that act behind the surfaces rather than in the
shape, hence the surface itself [9]. Inspired by nature, Antonio Gaudı́ introduced
catenary shapes as idealized forms of arches [10]. He developed catenarian-models
and cable-models with sandbags illustrating the reverted interrelation of forces for
columns and pillars. The result was then an upside down model of the structure
in the building. Gaudı́ found out that the use of parabolic arches and inclined
buttresses could withstand the forces involved. On smaller levels of scale, hyperbolic
paraboloids can be detected in the vaults but also at the base of columns [10]. Antoni
Gaudı́ used cone, cylinder, simple hyperboloids, hyperbolic paraboloids to design
non-smooth architectural components. The analysis of a small part of the building
will make the observer think about the whole, and the building is coherent in form
and character.

Self-similarity alone, however, does not define a Fractal. Considering that a
line between two points can also be divided into smaller parts that are scaled-
down copies of the whole, the line nevertheless does not increase in length from
one iteration to the next, and there are no additional details offered either when
zooming in. Or, zooming in on a circle will show a more and more straightened part
of the circumference – apart from irregularities arising from the drawing itself –
but does not offer additional details. The latter two examples belong to Euclidean
Geometry because no further details arise when zooming in.

9.2.5 Developed Through Iteration

Generalized for a first approach, Gothic cathedrals can be described by verticality
and light-flooded interior rooms, which was made possible by pointed arch, flying
buttress and ribbed vault. They are an expression of unity between single compo-
nents, inside and outside, and the whole: In numerous functional and decorative
elements such as windows, portals, baldachins, pinnacles, attics, Gothic gables and
tabernacles, references to the whole can be identified. Examples such as the Gothic
windows of the Southwest tower of the cathedral of Cologne or of the Angel Choir
of the Cathedral in Lincoln definitely provide excellent examples to describe how
Fractals can be constructed. The overall shape, a pointed arch, defines the initiator,
which is then replaced by the generator, a pointed arch of the same size vaulting two
smaller ones of half the size. In the next step, each pointed arch is again replaced by
the generator and so forth. Figure 9.3a shows a series with the initiator that is the
starting object, the generator that is the replacing rule and some iterations. Although
the replacing rule for the Gothic window may be applied infinite times in theory, in
the real world there are some restrictions arising from the material used and from the
usability as a window. The built version tries to find a harmonious balance between
a slight big opening and construction rules and therefore already ends after a few
levels of replacement or iterations, respectively. Furthermore, the algorithm may be
adopted with regard to the reduction of the diameter of the shafts.
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Such replacement procedures can also be identified as underlying construction
elements of Indian temples, such as the Sikbam of a Jaina temple on Mount Girnaz
[11]. The second image in Fig. 9.3b shows an output of a construction rule that
is derived from this example. The basic curved shape of the whole temple, rising
out of a square, has undergone a transformation in size and position, bringing up
four additional similar shapes at the sides of the main part. Each of these four new
elements is then transformed in the same way, resulting in a complex whole, where
all parts are formally linked with the whole. Figure 9.3b shows the initiator and the
fourth iteration, each of three different configurations of such an insertion rule. The
basic transformation rule, scaling down the initial shape and positioning it at each
side, is adjusted in the way that different reduction factors and movements are used.
It is also conceivable that the reduction factor varies within the same iteration by the
factor of chance. Using different basic shapes (initiator) and adjustments, the basic
rule may then lead to high rising as well as vaulted structures (Fig. 9.4a, b).

The output of such computer-generated self-similar structures cannot be used
for architectural design without changing or adapting it with regard to the limits
imposed by the material used, construction, function and environmental influences.
Such computer outputs are only useful to show how self-similar patterns in
connection with architecture can be generated in a simplified way. If facade
generating programs are developed to compute facades with visual depth, the
question of fabrication and usability has to be considered. Such facade generating
programs might start with a simple box, dividing it in .n/ by .m/ boxes, which are
removed or added in certain ways. Single boxes vary in their expansion to the front,
so that variation in depth is achieved. Then the new boxes are manipulated in the
same way, using the same parameters or slightly adopted ones with, e.g. random

Fig. 9.3 Various examples of geometric output – (a) Gothic window algorithm, (b) temple
algorithm

Fig. 9.4 Different insertion rules – (a) high rising, (b) vaulted, (c, d) window element
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factors for expansion. Figures 9.4c, d are based on such a rule and offer self-similar
patterns after a few iterations. Windows are either included in such algorithms by
cutting out middle parts or such outputs are simply arranged around existing cuts. In
the first case, one large cut in the facade is surrounded by smaller ones, surrounded
by even smaller cuts and so on.

9.2.6 Differences Between Architectural and Mathematical
Fractals

The main difference between nature or fractal-like architecture and mathematical
Fractals is the limited number of iterations. Although mathematical Fractals are
theoretical constructions offering infinitely small parts, self-similarity of nature and
architecture only exists for a limited range of scale. It could be said that nature
and architecture only uses a limited number of iterations. This will be illustrated by
comparing the Sierpinski triangle, a mathematical fractal, with Castel del Monte,
situated in the Apulia region, by the Holy Roman Emperor Frederick II. The
Sierpinski triangle can be simulated by starting with an equilateral triangle as the
initiator. This initiator is then replaced by a generator consisting of three equilateral
triangles, each scaled-down copies of the initiator by the factor of 0.5. All corners
of the initiator act as fixed points for one of those three new triangles when they are
scaled down. In other words an equilateral triangle is cut out in the middle of the
initiator where the corners of this cut out triangle are situated on the middle points of
the sides of the initiator. For the next iterations, each triangle is subjected to the same
procedure, leading to nine triangles. In theory, this is repeated infinite times leading
to a real Fractal, where even the smallest part is a scaled-down copy of the whole.
In case of Castel del Monte, which offers the beginning of a replacing algorithm,
the difference between mathematics and architecture becomes evident. The basic
octagonal shape is complemented by further octagons at its corners. For the next
iteration, each of these octagons would be complemented by further octagons at
their corners and so on. But the “real” Castel del Monte only offers the first iteration.
Nevertheless, the circumference of Castel del Monte increases from the initiator
to the first iteration and offers a rough outline. Together with the rough stonewall
this distinguishes Castel del Monte from smooth surfaces with a lower index of
coherence.

9.2.7 Fractals as a Design Aid

The competition contribution for Cardiff opera house in Wales by Greg Lynn in
1994 mandates a new concept for waterfront urban space that is nonetheless in
conformity with the history of the site and Cardiff’s waterfront [12]. The analysis
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of the coastline for self-similar structures from the large down to the small level
of scale (water’s edge being captured by land) together with the oval form of the
basin was translated into a rule with the starting body being replaced by three parts
of different sizes and orientation. Some iterations of this Fractal basic shape in
combination with the basin defined the character of the opera house next to it – the
opera house is then a continuation of Cardiff’s waterfront. The output was adapted
with regard to function, construction and form. Volumes were rearranged because
of requirements of the foyer, auditorium and acoustic properties, stages, studios,
offices and other purposes of the opera house.

In general, fractals can also be used as a basic design for breaking open an
otherwise straight line. For example, the characteristics of a natural coastline can
be simulated by a fractal, if the right configuration or the right insertion rules are
found. The twisting of the Fractal then leads to a coastline section, which is based on
a more environmentally appropriate scale. What can be learnt from such attempts –
forming buildings and border-lines? In general, using such Fractal-based designs
means that the architect looks for a rule coming close to the one that is inherent in
the environment on a larger scale to continue the cascade of similar character down
to the size of harbors or buildings and even to human level connecting smaller scales
to the whole. Man-made interaction will then continue the natural characteristics of
the environment and in turn will not restrict the range of scale. The basic Fractal
nevertheless has to be adapted with regard to usability concerning function and
costs, but also with regard to the fact that the result may again consist of straight
parts though on an even smaller scale.

9.2.8 Fractals Are Common to Nature

Dealing with Fractal Geometry also means focusing on nature: Clouds, bark and
trees are not smooth but rough, and snowflakes or the distribution of stars offer
self-similarity. Different fractal methods, which take advantage of self-similarity,
underline the connection between nature and fractals [20]. The right algorithms
produce models of plants, mountains, crystals and entire natural scenes. Self-
similarity may in turn be the reason why nature seems so fascinating from the
large elements to the small ones and why forms of nature seem better balanced to
us than Euclidean smooth shapes. If so, this explains why Gothic cathedrals, rural
houses and organic buildings, which rather contain self-similarity, are so fascinating
to many observers. Frequently those buildings offer details, which are prominent
on different levels of scale and are consistent with each other and the whole.
Consequently, while we are approaching the building, new details of smaller size
get into the focus of our attention reminding us of the whole. Because of variation
of components, which differentiates self-similarity from self-sameness, they also
remain diversified. Assuming that those parts are exact, scaled-down copies of the
whole, this would mean the observer can judge from looking at the whole what the
detail will exactly be like. Because of variation he can envisage what comes next but
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may be slightly surprised and confirmed at the same time. Mandelbrot believes that
fractal art is more acceptable because it imitates nature to make the observer guess
its rules and is therefore more familiar to us [1].

9.2.9 The Factor Chance

Nature-like images produced by strict self-similar construction rules are often
too clinically “perfect” to imitate their originals to their last consequence. Local
influences such as temperature, wind, waves or nutritive substances, which deform
the objects, are missing. Effects of such influences can be imitated by the factor of
chance. This can be illustrated by means of the tree algorithm (Fig. 9.5a). Starting
from a stem of certain diameter and length, three or any other number of scaled
down copies of it are moved to the end of the stem and rotated in different directions.
Each of these branches is again copied, scaled down, moved to the end and rotated
in different directions. This rule is applied to a couple of iterations. If the rotation
is chosen randomly between certain limits as well as the length of each branch, the
resulting image resembles nature even more closely. The basic shape is a smooth
Euclidean cylinder, but the object itself becomes rougher from one iteration to the
next, while smaller pieces are added. On the one hand, the resulting tree can be
described by defining length, position and direction of each single branch, which
produces large data quantities. On the other hand, the resulting tree can also be
described just by its insertion rule.

With the factor of chance, even the Koch curve can be turned into a natural-
looking coastline. Figure 9.5b shows three such Koch curves added to one Koch
Island. In the basic rule, the middle vertex of the generators of each Koch curve
looks to the outside and so does every replacing step. To get a more nature-like
model, the middle vertex is also allowed to look to the inside. The choice whether
it is pointed to the outside or inside is chosen randomly. After some iterations, the
resulting curve is not as clinical as the origin without the factor of chance, but never-
theless offers the same characteristics and length increase. Both examples, the tree

Fig. 9.5 (a) Simulation of a tree, (b) Koch Island with factor of chance, (c) simulation of a
mountain
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algorithm and the coastline, indicate the importance of variation for natural-looking
images. This has been taken into account for certain Fractal methods producing
images of plants, trees, mountains and even planets. The rule used for such a method
can be very simple, while the output will look extremely complex. This can be illus-
trated with a program imitating mountains, which can be implemented into a CAD
package quite easily. The starting image to generate such a mountain is a triangle.
Then the midpoints of each of the three sides of the triangle are marked. These points
are then moved up or down by chance and by a certain factor. The higher the factor,
the rougher the resulting mountain is. In the next step, each point is connected to
a new triangle with its neighbouring points. These triangles are then subjected to
the same rule as before (Fig. 9.5c). Parts are not identical with the whole but the
overall character remains the same from one zoom level to the next – analyzing
small parts will offer similar structures as the whole. From this follows that, the other
way round, underlying construction rules of natural objects are difficult to identify
because of variation, which have been here simulated by the factor of chance.

9.3 From Simulation to Measurement

Fractal methods generating architectural structures, as they have been introduced
with the Gothic window, the Indian temple and the facade designer, are only a
first approach to Fractal architecture. All those attempts have in common that
their algorithm is very simple, just demonstrating basic rules of existing buildings,
simulating them with the help of a computer and producing outputs of different
shapes. This first attempt can be made more sophisticated with the factor chance to
develop symmetry breaking designs such as those that may result from environmen-
tal restrictions or adjustments because of internal function. Including parameters
that simulate the influence of daylight and shadow, compactness, functional fitness
or resources directly will increase computing time. With the help of a computer, a
large number of different alternatives can be generated from which the architect can
finally make his choice. This choice can then be modified and developed further as in
the case of the competition contribution for Cardiff opera in England by Greg Lynn.

9.3.1 Curdling

Several examples of fractal-like architecture from Gothic buildings to Robie house
and simplified architectural simulations have not only shown that, similar to nature,
architecture possesses fractal properties up to a certain degree, but also that those
properties are difficult to describe because of modification by certain influences.
Consequently, for comparing works of architecture with each other – with regard
to the degree they are fractal-like – a consistent measurement method has to be
developed. If self-similarity is present in architecture, then this is also expressed
by a similar distribution of architectural elements from one level of scale to the
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Fig. 9.6 Curdling

next – each level of scale has its elements of specific size that again contains smaller
details of similar distribution. Such connections between different levels of scale
can be demonstrated with the help of the so-called curdling, introduced by Benoit
Mandelbrot to demonstrate the process that produces a disconnected set of points
with nevertheless clustered characteristics [5]. The process is called curdling since
originally uniform mass distribution clogs together forming many small regions
of high density [4]. There, structures are generated by the factor chance where
zooming in and analyzing parts will offer similar characteristics like the whole.
Finally, such connection between many levels of scale can be given by a set of
values, characterizing the cluster. The measurement method of these values will
now be introduced with curdling.

“Curdling” was the name Mandelbrot coined for a procedure that produces a
random fractal dust in two dimensions [1]. With curdling, the starting object, a
simple square, is divided into a grid. In our example, the grid consists of three by
three cells. Tossing a coin determines whether a cell is deleted or again divided
into a three by three grid. The coin can also be replaced by a probability factor.
High probabilities lead to a higher chance for cells to remain and consequently to a
higher ‘density’. Figure 9.6 shows some iterations for different probabilities.

Considering the probability of one out of nine, this means that mathematically
one cell will remain after the first iteration. That also means that eight out of nine
cells are deleted. Because of the element of chance, in practice none may be chosen
as well, which stops the algorithm, but also more than one is possible. What happens
to the number of cells when using the probability two out of nine? Mathematically,
after the first iteration only two of nine cells remain and seven are deleted. For the
second iteration, both remaining cells are again divided into a three by three grid.
Again in each grid, two cells remain and the others are deleted. This increases the
total number of remaining cells up to two by two, hence four. In the next iteration,
each of these four cells is again divided into a three by three grid. Again two cells
of each grid remain, increasing the total number of remaining cells to two by two
by two, hence two above three. Simplified, this leads to the equation

N.i/ D .N.1//
i

giving the connection between increasing numbers of remaining cells and iteration.
There .N.i// is the total number of remaining cells after .i/ iterations and .N.1// the
number of remaining cells of the generator. For the probability three out of nine,
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the number of remaining boxes after three iterations is then three above three, hence
N.3/ D 27. For the same iteration but for the probability eight out of nine it is
N.3/ D 512.

Simulations use a random generator of a certain probability that determines for
each cell whether it remains or not. Therefore, different simulations of the same
probability may lead to different numbers of remaining cells. The two examples on
the right in Fig. 9.6 show two different results for the probability of two out of nine,
the middle two for the probability six out of nine and the two on the left for the
probability eight out of nine. These examples indicate that the remaining cells after
.i/ iterations vary for one and the same probability. For simulations, the simple
connection between the number of remaining cells and iteration of the previous
equation is then no more valid.

Considering that the grid represents a building site, the same algorithm may
simulate distribution of buildings. This time the grid does not have to be regular
and the algorithm will be stopped at a proper size, that of buildings. Then cells
of the last iteration are moved from the border defining streets in between. Once
again this is just a formal simulation using one basic rule only, but it will produce
choices of different distributions as discussion bases. More practicable models can
be developed, enlarging the basic rule by additional parameters accounting for
different influences.

9.3.2 Fractal Dimension

For indicating consistency between different iterations, we have to look for a com-
parison between the increase in number of remaining cells and the reduction factor.
With the Koch curve, the number of single lines .N.i// and the reduction factor
.s.i// are both increasing/decreasing by the same index: number of parts after the
first iteration .N.1// D 4, the reduction factor of these parts compared with the size
of the initiator .s.1// D .1=3/; number of parts after the second iteration .N.2// D
42; .s.2// D .1=3/2I .N.3// D 43; .s.3// D .1=3/3. From this it was derived that
there exists a connection between the number of single lines after .i/ iterations
.N.i// and the reduction factor .s.i//. This connection is shown in the equation

N.i/ D
�

1

S.i/

�Ds

introducing index .Ds/, which is the self-similar dimension. Modified, this leads to

DS D log.N.i//

log
�

1
S.i/

� ;

which equals .Ds/ 1.26 for the Koch curve with four lines of one third each after
the first iteration .i/ D 1.
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With the theoretical output of curdling, self-similar dimension can be calculated
in the same way. Using the example from above – tiling each cell into three by three
smaller cells – with a probability of two thirds, this means that mathematically six
cells will remain .N.1// after the first iteration. The reduction factor of the grid-size
is one third .s.1/ D 1=3/. Inserting these values into the last equation, the self-similar
dimension .Ds/ equals 1.631. With the probability of one ninth, mathematically
only one cell remains after the first iteration while the reduction factor is again one
third. This leads to the value zero, equal to the topological dimension given for a
dot. At the other extreme with the probability of nine ninth all nine cells remain,
resulting in the value two, which equals the topological dimension for a plane.

What is of interest next is how the value (we will call it the index of coherence),
defining the connection between the number of single elements and the reduction
factor, behaves throughout the range of scales. With curdling, this means to compare
the increase in the number of remaining cells with the decrease of the reduction
factor. Using once more the example from above with a grid of three by three cells,
mathematically the number of remaining cells after the first iteration is six for the
probability of two thirds and the reduction factor is one third. Then the second
iteration, using equation N.i/ D .N.1//

i , increases the number of cells to 36 with
the reduction factor decreasing to one ninth. Between two iterations, the differences
of both, number of cells as well as reduction factor, can be examined. Consequently,
the equation for calculating Ds is rearranged, leading to the equation

N.i/ � N.i�1/ D
�

1

S.i/

�DB

�
�

1

S.i�1/

�DB

:

The difference of cells is compared with the difference of the inverse reduction
factors above the value of index, this time called .DB/ with regard to analyzing
boxes (we called them cells). This equation is rearranged to

DB D log.N.i// � log.N.i�1//

log
�

1
S.i/

�
� log

�
1

S.i�1/

� :

Inserting the mathematically calculated values of our example with a probability
of 2/3rd – that is for the number of remaining cells N.1/ D 6 with the reduction
factor s.1/ D 1=3 for the first iteration and N.2/ D 36 with s.2/ D 1=9 for the second
iteration – .DB/ again equals 1.631. Analyzing the third and fourth example from
Fig. 9.6, both using a random calculator with the probability of 2/3rd, the results
change. While the reduction factor remains the same, the number of remaining
cells changes. That is N.1/ D 7 for the first example after the first iteration and
N.2/ D 47 after the second iteration. The calculated value DB between first and
second iteration then equals 1.73. DB of the second example equals 1.75 with
N.1/ D 7 and N.2/ D 48.

So both values are slightly higher than the result inserting the mathematically
calculated values. Using the last equation, a set of index values .DB/ can be given
for a certain number of iterations. Each iteration is compared with the next one,
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which leads to a certain .DB/ from the first to the second iteration, to another from
the second to the third and so forth. Because of the consistency between iterations,
self-similar structures will then offer similar values throughout the range of scales.

9.3.3 Perception and Distance

Comparing buildings with each other means that their appearance has to be
standardized first, including influences of color, shadow but also depth of details –
equals the number of iterations or levels of scale. For a first approach, just black
and white elevations will be analyzed, which means removing all influences other
than depth of details. It is the set of index values .DB/ for a certain range of scale
that is of interest. Because two-dimensional plans will be analyzed, a first step of
standardization is to define the translation of the original building into the elevation.
There the smallest detail presented in the elevation depends on the distance of the
viewing point from the building in reality and on the human eye. This derives from
the fact that the smallest possible detail depends on the reading field, which is inside
a cone of 0ı1’ [13]. With the aid of trigonometric function, the relationship between
detail and distance can be given by

Minimum Size of Detail > Distance to Detail � tangents
�
0ı10� :

This means that for a given distance of 10 m, the size of the smallest perceivable
part is approximately 3 mm. Since the smallest perceivable detail depends on
the distance between the observer and the building, consequently the distance
defines what should be presented in the elevation. From the smallest detail on,
all architectural elements of larger size have to be included and translated to the
elevation as significant edges. Only then coherence between these levels of scale
or sets of different sizes of architectural elements can be analyzed, but also only
then buildings can be compared with each other by their elevations, standardized by
the observer’s distance. The distance to the building, in turn, should be chosen in
the way that its whole extent can be perceived, mainly its vertical extent. Maertens
gives an indication, where a distance equal to the relevant height of a building is
appropriate to view details of the object [13]. Then the uppermost part is within an
angle of 45ı above horizon. A distance of double height equals 27ı and there the
whole building can be viewed for itself. Finally at a distance of the observer of three
times the height, the building will become one with its environment. From these
angles, the distance may then be derived.

9.4 Fractal Dimension and Architecture

Fractal curves are the result of insertion rules after infinite iterations. The Peano
curve, a representative of a classical fractal, is an endless, twisted curve between
two points that does not exceed a certain space. As it can be separated by removing
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just one point from the set, it is said to have a topological dimension of one. But
on closer observation, it passes through the two-dimensional plane completely – it
offers area-filling property. The Koch curve again does not fill the two-dimensional
plane but is also endlessly twisted. Since length is infinite, a point on such curves
cannot be defined by only giving the distance. But also a mountain, being rough,
does not fill the three-dimensional space completely. Such structures can then be
characterised in a better way by their Fractal Dimension. The Fractal Dimension
expresses how fast a fractal curve tends to infinity from one iteration to the next or
how completely a fractal appears to fill space.

Facades are rough surfaces that consist of cuts, different architectural elements of
different sizes and details. Hence, they are no flat smooth two-dimensional planes.
Likewise, their expressions on paper, elevations are more than a one-dimensional
line that defines the silhouette, but they also do not fill the plane where they are
situated in completely. They are rough structures and Fractal Dimension is then the
expression of the degree of this roughness, which means how much texture an object
has [5]. With fractal-like architecture, self-similarity cannot simply be identified by
rescaling parts transforming them into the whole again. Then Fractal Dimension is
an adequate possibility to describe such structures, where coherence of roughness
can be analyzed by calculating a set of index values .DB/ for a certain range of scale.

9.4.1 Fractal Dimension and Approaching a Building

Expressed in a different way, Fractal Dimension is the degree of mixture of order
and surprise. For objects that are visualized on paper, Fractal Dimension can be
measured by the Box-Counting Method. This measurement method was first applied
to architecture by Carl Bovill [5, 19]. First, a grid is put over the object to be
measured. The grid-size is defined by the number of boxes across the bottom row
of the grid, that is the numbers of boxes in x-direction (1/s). Its inverse value then
defines the scale of the grid .s/. Then those boxes, which cover relevant parts of
the elevation, are counted. Relevant parts are the outline, the roof, windows, doors,
walls, but also certain details. The depth of details of the analyzed elevation depends
on the scale of plan. For the first grid-size .1=s1/, the number of boxes that contain
relevant parts is defined as .N1/. For measurement, the grid-size is then reduced to
.1=s2/, and the number of boxes that contain relevant parts is counted again .N2/.
Finally, the Box-Counting Dimension between two scales of grid-size is calculated
by the relationship between the difference of the logarithms of the number of boxes
that contain relevant parts and the difference of the logarithms of grid-size as given
in the equation

DB.1�2/ D log.N.S2// � log.N.S1//

log
�

1
S2

�
� log

�
1

S1

� :
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The Box-Counting Dimension DB is another special application of Mandelbrot’s
Fractal Dimension [4, 14]. The Box-Counting Method compares the roughness –
represented by lines – between different grid-sizes and thus allows measuring the
complexity of a structure across certain sizes of details. Equivalence exists between
the scale of the elevation, the scale of the grid and coming closer to a building. In
the first case, a large scale of the elevation only gives an impression of the building.
In this case, larger grid-sizes are used for measurement. Then reducing the scale of
elevation, which means including smaller details, will allow us to identify more and
more details. This asks for smaller grid-sizes. The same is true when approaching
the building in reality. On the level of scale of far distance, smaller details are faded
out, because they cannot be perceived. Consequently, they have to be excluded
from the elevation for measuring the Box-Counting Dimension. Then from a shorter
distance, bigger architectural elements such as windows and doors are perceived that
could not be distinguished before, followed by window-frames and door-handles.
For measuring the Box-Counting Dimension for this distance, the elevation has
to include these components. If the building follows the Fractal concept, the kind
of roughness nevertheless remains the same for all steps. In the logic of Fractal
Geometry, they are linked together by the depth of similar roughness.

9.4.2 Results of Measurement

The behaviour of the relationship between grid-size and number of boxes that
contain relevant parts is analyzed in a double logarithmic graph, where the slope of
the replacing line defines the Box-Counting Dimension for a certain range of grid-
sizes. The result for many different measurements of Robie House by Frank Lloyd
Wright remains between 1.6 and 1.65, taking different elevations with different
detail-richness into account: from an overview to plans of smaller scale, including
details such as stained glass and brick. That means different elevations were used for
measurement to include different distances. For the first distance only main edges
such as outline, windows and doors were included. Then approaching the building,
hence using smaller boxes, sections of the elevation were analysed, including
stained glass and bricks. For all measurements, it is valid that the result depends
on what is included in the elevation and how it is presented.

The double logarithmic graph illustrates that certain measuring points of Robie
House are very close to their replacing lines. From this follows that, although Box-
Counting Dimensions between two single grid-sizes may vary when approaching
the building, the set of measurement points in the double-logarithmic graph is
nevertheless stable over a large range. The slope of the replacing line then gives quite
a significant value .DB/ for this range. Comparing these results with the Koch curve,
whose Self-similar Dimension is known, it can be indicated that measurements
for the Koch curve are even more stable. Nevertheless, while comparing different
buildings with each other certain influences have to be dealt with [14, 18]. Some
derive from the measurement method itself – that is dependence on starting position
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or overall grid-size – and others from range dependence of architectural elements.
Architectural elements only emerge locally, which means they have a specific range
of distance of the observer in which they are significantly present. In general, to
minimize local influences a whole range of grid-sizes is analyzed rather than only
two single levels. The standard deviation of the graph then gives the degree of
coherence. For Robie House, it turned out that the measurement points in the double
logarithmic graph are quite stable for a broad range hence indicating coherence for
a broad range.

9.5 Conclusions and Outlook

Basically the fractal concept of architecture means that details of different sizes
are kept together by a central rule or idea, respectively – avoiding monotony by
using variation. In architecture, this concept is the reason why Gothic cathedrals
and examples of the so-called organic architecture are so interesting and diversified.
Modern architecture may also offer fractal properties but not for a broad range
of scale. For measuring the presence and coherence of architectural elements
across many levels of scale, the Box-Counting Method turned out to provide a
first verifiable measurement method. The double logarithmic graph – grid-size vs.
number of boxes covered – gives a first indication for similar density across certain
scales. Although the resulting graph does not tell us anything about the quality of a
building or about its form, it provides a first impression of the coherence between
levels of scale as it is true for Robie House by Frank Lloyd Wright.

Future focus lies on further Box-Counting measurements mainly of different
architectural styles for comparison of fractal-like works of architecture with rep-
resentatives of Modern architecture. Those buildings where the single measurement
points in the double logarithmic graph are very close to the replacing line will
be analyzed more closely with regard to a possibly underlying Fractal concept.
An interesting aspect will then, however, be in how far such a concept has some
influence on architectural quality and on the acceptance of the building by observers.
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Chapter 10
Biomimetics in Intelligent Sensor and Actuator
Automation Systems

Dietmar Bruckner, Dietmar Dietrich, Gerhard Zucker, and Brit Müller

Abstract Intelligent machines are really an old mankind’s dream. With increasing
technological development, the requirements for intelligent devices also increased.
However, up to know, artificial intelligence (AI) lacks solutions to the demands
of truly intelligent machines that have no problems to integrate themselves into
daily human environments. Current hardware with a processing power of billions
of operations per second (but without any model of human-like intelligence) could
not substantially contribute to the intelligence of machines when compared with
that of the early AI times. There are great results, of course. Machines are able to
find the shortest path between far apart cities on the map; algorithms let you find
information described only by few key words. But no machine is able to get us a
cup of coffee from the kitchen yet.

Biomimetics, being the application of biological systems found in nature to
the study and the design of engineering systems and modern technology, is
the promising method. However, it has to be implemented reasonably, which is
argued and detailed below. Doing so, a new research field – the alliance between
engineering and psychoanalysis – emerged, which is presented in this contribution.
The ultimate goal of this research is to create a human-like intelligence for the
control of automation systems that consist of sensors and actuators interconnected
via field bus systems.
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10.1 Research Field

The core question is: What is necessary to give machines an understanding of the
real world? The postulated answer is: The integration of research findings from
psychoanalysis, neurology, and engineering was the basis for the foundation of a
new research area, which focuses on completely new ideas. Instead of looking for
solutions for partial problems, the focus should be put on a holistic model of the
human psyche describing all of its functions – up to consciousness. Even if the
implementation of machine consciousness is still to come, the model development
of necessary functions and requirements gives important hints for further research.

One important research task today is the evaluation of information and the
extraction of relevant information. This is necessary for recognizing situations
and for decision making. The complex evaluation system of humans serves as a
biological archetype: through comparison with a huge number of already evaluated
patterns, we can filter and classify lots of information very quickly. Psychoanalytic
theory models this evaluation process with the help of emotions, affects, and drives.
The human psyche needs to satisfy various requirements from different sources
like the own body or the environment while it constantly facilitates equilibrium
between those partly contradicting demands. A technological implementation needs
to facilitate exactly these mechanisms, in order to have the same capabilities.
This task poses many unintended obstacles (e.g., the definition of a technological
“body”), but it is seen as the lead to future success.

Researchers face the challenge to translate domain-specific knowledge from
foreign disciplines into their own. This knowledge is not edited to be understood by
engineers. It has to be “translated.” Very often mechanisms are described in terms
of their observable function, not in terms of their functional model – as required in
engineering.

10.2 Automation

From the early days on, the focus of scientific investigations in the field of
automation was on communication technology. Industry quickly identified the
enormous market potential of distributing intelligent control units to various fields
such as energy production, energy supply, rail transportation, or aviation and
space technology. This and the following section intend to review history to better
understand the present and how the current research directions evolved.

The term automation was introduced in 1936 by the Ford manager D.S. Harder
[1]. Since that time, its meaning has changed remarkably. In the beginning,
automation only meant optimization of processes in the production of goods. In
engineering today, the meaning of automation has changed to the more general
notion of processes controlled by machines. Hence, in the past its major goal
was optimization of mass production. Today, no matter whether human resources
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are additionally required or not, we talk about automation when processes are
controlled by machines, though mass production is still an important goal. However,
automation today is about more, about process optimization in various respects, e.g.,
higher quality, safer environments, more security, or better hygiene.

In previous times, the term “hand-made” has been a quality feature. Today,
when talking about material goods, it refers no longer to high quality, but rather
to the opposite (of course this statement does not hold for artistic craftwork). This
is because machines are able to continuously deliver high quality. The quality
can be only kept on high levels and standards with consolidated deployment of
automation technologies and methodologies. Otherwise, micro and nanotechnology,
chip technology, and many other areas of production procedures could not be
implemented. Impressive examples of advantages through automation can be found,
e.g., in aviation technology. Only field bus technology and the introduction of the
fly-by-wire principle made modern aircrafts possible. Another example is cars.
Modern upper class cars have some hundreds of embedded systems communicating
with each other, drive-by-wire. Both “by-wire” principles imply that the device is
no more directly controlled (e.g., with a mechanical bar), but with the use of a field
bus system. The term field bus system refers to a communication and computation
system where various sensors, actuators, and control units are interconnected with a
communication medium, the field bus. The principle is the same as in bus systems
in a common computer, but the application is outside of it, e. g. in a factory or a car,
that is “in the field.”

Mining companies in Europe were only able to reach the required safety level for
road tunnels through interconnection with field busses. They steadily collect data
and send it to control stations and central offices. In this case, data collection was
not a technical problem at all. It could have been accomplished with decentralized
control units or even with widespread internet connections for all sensors and
actuators. However, the key advantages of field busses are twofold: first of all low
prices, and second and most important their specification of profiles for application
areas. Especially the second point, the definition of profiles, is a question of
standardization, for which industry, industrial associations, and also governments
spent lots of money in the form of grants. In this way, a broad basis emerged,
on which most notably the European industry created enormous margins. Without
profiles, field busses are worthless; they would be too expensive in development and
still more so in maintenance. If countries that do not have strong industries in this
area want to use this fundament, they need people who acquire the knowledge about
profiles for them. The conception of a field bus being a small computer with long
connections to sensors and actuators as well as connections to other computers is
no longer enough, since field bus components will be superseded in the next years
with developments in the areas of internet technology and brown ware (consumer
electronic). According to Moore’s law, the performance of processor chips will
increase year by year. Therefore, knowledge in the field bus area does not lie in
components; it lies in the functional profiles and interoperability. And still there is
more to it. The second large area of knowledge capital, which makes out a field bus
expert, can be seen in application-specific knowledge. The collection of billions of
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data points via a large field bus system is not a trivial task at all; especially if various
channels are connecting sinks and sources. But the real challenge lies in finding the
information behind the data – which can only be accomplished automatically due to
the sheer amount of data [2].

10.3 Intelligence and Communication

Two major issues must be discussed: First, why is it now that automation experi-
ences its phenomenal boost as an essential pillar of economy? Second, a vast number
of processes can be found in nature. Which automation principles can be found there
and what can biomimetical approaches offer for even smarter control units?

Purely mechanical control systems are always physical compromises. For the
control of a process A to use some mechanical system B that is subjected to physical
laws and constraints compromises are necessary. The differential transmission of
the two front wheels of a vehicle is an example. It must be constructed to support
minimal curve radius with various velocities and torques. A differential transmission
of a tractor therefore looks different from one of a race car.

If we separate the flows of energy and information in a mechanical process and
develop separate electronic control components (which are not subjected to physical
constraints), those compromises become almost always unnecessary. Let us assume
that the mechanical differential transmission together with the steering column will
be replaced by propulsion engines directly integrated into the wheels (which in
fact is a goal of the automotive industry, remember fly-by-wire: drive-by-wire).
In this case, any desired differential transmission algorithm can be implemented
with the drive-by-wire system (field bus). Such a system could also additionally
be able to consider road conditions. Hence, compromises regarding control are no
longer necessary. Therefore, economic benefits arise. Mechanical degradation is
limited to the remaining parts for suspending the wheel. Maintenance will be eased
and therefore available for lower prices. The period of warranty can be enhanced,
because the failure rate can be calculated more precisely and easily. The overall
energy consumption can be optimized; also the wear of tires can be reduced.

All these considerations reveal that with the help of automation and the intro-
duction of field bus systems, production lines can be built more efficiently, in
short times, for lower prices. Large portions of energy can be saved. All this was
not possible in earlier times without field bus technology. It became a crucial
business factor. Smart control units implemented as embedded systems together
with communication technology – as learned from nature – are the motors of
this trend.

Still, the explanation is missing how evolution tackled those problems. Very
old creatures such as the amoeba can be treated like the mechanical systems
in the above examples with respect to their control (D information processing),
since they act based on physical–chemical processes, which does not allow for
any separation of information and energy flow. However, evolution introduced this
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principle, e.g., already in worms (which are one example for rather old creatures
that have nerves for communication). However, what about humans? We have
special information communication channels (the nerves) evolved, which have
been the template for the technology of field bus systems (fly-by-wire principle).
The information transportation mechanisms are however somewhat differently
implemented. Nerves do not exactly work like bus systems. However, this does not
contradict the basic principle of separating energy and information flow.

In computers, we differentiate various abstract layers (see Fig. 10.1) from
the lowest layer, the hardware (which can itself be divided into sublayers), via
device drivers, operation system, up to the application software (which, again,
is modeled itself in many further layers and sublayers). The same can be done
with the information processing system in living creatures [4]. Nerves and neurons
themselves form in this sense the hardware. Higher layers in the brain have been
found by the neurologists Luria [3]. In nature, peripherals and centralized oriented
information systems can be observed, pursuing decentralized control principles.
Because of the actual slightly different functionality of nerves and technical
communication systems, it can be anticipated that the principle of the human
nervous system needs to be adopted and only implemented in principle, if complying
smart automation systems should be constructed. But it can be also useful to
look at control mechanisms of various animals to achieve this goal. In this way,
bionics gains even more importance, especially with respect to the higher layers of
information processing, which are the key enabling factors for “smartness.”

10.4 Open Problems: Challenges in Research

The section should highlight that different applications for particular field bus
systems require different profiles. A profile is seen as a higher level of abstraction in
communication systems. On the one hand, all profiles have distinct properties and
justification for particular applications. On the other hand, because profiles are more
or less independent of the lower layers (in particular the lowest one, the hardware),
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the question arises whether it is possible to harmonize the hardware of different field
bus systems. Today’s discussion is: Can hardware be found that is economically
applicable in many different bus systems, allowing for different implementations
of the higher layers? One candidate could be Ethernet, which is under constant
development and, through its widespread deployment in the PC world, economically
priced. Many indicators point at a possible application of Ethernet for field busses,
but in the history of field bus technology many technically reasonable solutions have
been presented, which were then no longer followed due to economical reasons. The
discussion is still open, although the trend goes to Ethernet (and its hardware) to be
utilized on a broad basis for the lower layers in field bus systems.

The last point also refers to wireless networks. The developments in this area
are also still in progress, especially focusing on energy efficiency while preserving
communication abilities. The duration of such nodes reached already some years,
but shall be enhanced up to five or more years [5] to allow for cost-efficient
applications, as in transportation [6].

Research and development in field bus technology aside the harmonization aspect
concentrates mainly on four topics: reduction of installation and maintenance costs,
safety, security, and interpretation of the enormous amounts of data. The first three
topics are mainly unrelated to biomimetics, while the latter is a clear case of a bionic
application and will be dealt with in the next section in more detail.

The problem of reducing costs, especially for installation and maintenance, is
of great significance in building automation, since conditions are most dramatic.
The physical placement of nodes is usually performed by very cheap, semiskilled
workers, and the number of nodes is in a dimension of several thousand up to
many ten-thousands of nodes. Another problem of integrating and maintaining such
a number of components in an economic way on a PC is left to the integrator.
However, this is not only a realization question to an engineer, but also a scientific
challenge. This is because modern technology did not find a suitable solution which
satisfactory supports the integrator with this problem on the construction site.

Safety (functional safety targets ensuring normal operation even if subsystems
fail) is a topic that was rarely tackled in automation and sometimes even in an
amateurish way. An example should demonstrate those first, inadequate consider-
ations. It was the time when safety relevant electronic circuits should be realized
with micro processors: it was demanded to build up the circuits redundant in a way
that one circuit is allowed to contain a micro processor, but the second needs to have
a discrete-built circuit. Times changed this fundamentally, but still safety is often
avoided since it is seen to imply higher costs, sometimes more than double costs.
However, experts know this is absurd, since safety is not about doubling hardware
or software, but functionality, which results in additional costs of the product often
in a range of 5–10%.

The case with security is even worse (protecting a system against attackers). In
automation, this topic is widely untouched; some proponents even say that a firewall
at system border is sufficient. It is certainly not, e.g. in many critical infrastructures,
attacks come from active or fired employees, thus from inside. For mechanical
systems, this was hardly a problem, but in case of electronic systems it is. Imagine
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connecting a small hidden device to an internal field bus, which is remotely
controlled to terrorize a company. Although the topic is of high importance, in many
areas such as industrial automation or automation in transportation this topic is kept
behind the scenes these times. Only in building automation some considerations
have been undertaken since an attacker could annoy the working or living people
in the building a lot. But, as mentioned earlier, it is of no concern today. Research
results are present in small number (see [16]) but it is questionable if they will find
integration in practice or if they will be further investigated. Maybe other solutions
will be found, which are more economical.

After this, the last and maybe most interesting topic is reached: How can the
enormous amounts of data in a building, e.g. an airport or a shopping center, be
usefully interpreted without the need for massive support by humans? This question
already implies that a system is sought that can substitute the capabilities of humans
in this respect. But what respect is it when referring to building automation? The
applications are HVAC systems (heating, ventilation, air condition), illumination,
security systems, and – in the vision of many researchers – context aware systems
for many applications to increase safety, security, comfort, energy efficiency, etc.
The requirements on a meta level for all applications are similar: perceiving
information and interpreting this information with respect to the context of the
system. But what is the context? The context is a theoretical construct by humans.
Therefore, for a machine to be able to derive the context, it is necessary to give it the
same perceptional function as a human. This problem can also be only tackled with
using bionic’s principle to study nature’s solutions. The next section will describe
the decision processes that finally lead to the development of the bionic research area
at the Institute of Computer Technology of the Vienna University of Technology.

10.5 Intelligence of Bionic Systems

Before presenting the current state of the model development, it is necessary to
explain the motivations why this development was essential.

10.5.1 Hierarchical Model Conception

The various approaches of artificial intelligence (AI) over time have been summa-
rized in [3]. Four generations have been identified: symbolic AI, statistical AI,
behavior-based AI, and recently, emotional AI. The article very well describes
how researchers started to build and understand functions of the human mental
apparatus starting with neurons in a bottom-up design methodology, or even with
data-driven statistical analysis. Very much emphasis has been put for a considerable
time period – sometimes including today – on a behavior-based design methodology,
meaning that devices like robots have been built that behave similar to (e.g., move
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Fig. 10.2 Possible abstraction layers of a computer (to the left the artificial device, to the right a
biological model conception)

like) humans or animals. The term intelligence, however, has never been precisely
defined – it has not even been used, except for the title “AI.”

However, if engineers are to design machines that should behave “intelligently”
as animals or humans, it has to be dealt with the definition thereof. So, what
is intelligence? The question can only be seriously answered, if we are able to
understand the mental apparatus. It is not enough to know about the behavior, but it
is mandatory to have a unitary and comprehensive functional model of it.

For the below presented model development, a number of boundaries has to
be defined. On the one hand, appropriate modeling principles and methods from
computer engineering, communications engineering, and automation are to be used.
Abstract layered models are used there, which are developed in a top-down fashion.

On the other hand, for comparing the platforms, we utilize the definition of a
computer after which it is a data manipulating, storing, and transferring device. In
this sense, an artificial computer and a biocomputer can be compared (Fig. 10.2).
There are many abstract layers defined in an artificial computer in the left part (from
hardware to application software) – which can be also imagined in the biological
model that is shown in the right part, where many layers are not yet defined due to
lack of knowledge. Neurologists also second this structure [3].

Figure 10.2 expresses moreover also the monist conviction – also along with the
natural science view of the world – that the brain is a control system based solely
on the laws of physics, with no principally unexplainable mechanisms, no mystics
[18, 19 p.51].

10.5.2 Statistical Methods

A large number of feedback loops of all kind both physiologically and mentally
(hence, in all layers of Fig. 10.2) are active in humans (Fig. 10.3). It can be
easily imagined that specific propositions about particular feedback loops in such
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Fig. 10.3 Effect of layers: different behavior of the whole process

an arrangement can only be stated, if there exists a concrete conception about the
whole process. In the layered model, two completely different errors in different
layers can result in the same behavior. Or, a substantial error in one layer can be
compensated by actions in other layers.

So, if the behavior of the whole process is under investigation from the outside,
observed phenomena can only give indications about feedback loops inside without
having an accurate description of all feedback loops.

For a better depiction another small example is given (Fig. 10.3, left). If there is
an instability or error in the operation system, the observer who works with the
application software may see only that crashing and believes the error occurred
there. This is due to lack of knowledge about the correlations.

This description should elaborate why computer engineers (and chip designers)
do not use statistical methods of behavior for synthesis. They need an explicit model
description. However, AI often uses behavior-based methods, based on statistical
analysis for synthesis as can be seen in the example of [7] – a principle, which has
to be questioned.

10.5.3 Definition of Intelligence

The terms intelligent and intelligence have to be used with care. Some two or three
decades ago, there have been severe discussions about which processor is the more
intelligent one (they spoke about architecture and computing power). However, it
was understood soon that this is the wrong kind of question. Computing power
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Fig. 10.4 The earth as the center of the universe

cannot be defined in general but only application specific in terms of problem
solving. Thus, if a hierarchical model as in Fig. 10.2 is assumed, such kind of
question can only be applied to a single layer. Or the range of applications has to
be entirely defined, which are performed by the computer. So, to define intelligence
one has to be aware to which layer he is referring to. For the synthesis of a model, a
computer designer needs a conception for every single abstract layer.

10.5.4 Choice of the Right Model

Here is an example that shall point out the importance of the right point of view.
In medieval times, it was assumed that the earth is the center of the universe. The
description of Mars’ orbit (Fig. 10.4) was therefore mathematically problematic and
only possible in approximation with the help of epicycles (ptolimeic world view).

The breakthrough came in 1543 as Copernicus saw the sun as the center – so all
orbits could be easily modeled as ellipses.

Transferred to observed human behavior, this means that descriptions based on
an erroneous (or from the wrong point of view) model tend to give misleading
conclusions. For synthesis of a bionically-inspired model, one needs the right model.

10.5.5 Top-Down Methodology

For computer design or chip design, it has to be distinguished between behavior and
function. This means that if a particular potential behavior is sought, one needs a
model of the device under development, which can then be iteratively enhanced to
reach the desired behavior.
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Furthermore, for model development, it is mandatory to use the top-down
methodology, because otherwise the optimal circuit design cannot be found. If, for
example as in [7], two inconsistent behavioral models would be used as basis, it
seems obvious that inconsistencies arise. Here the authors understand top-down
as being the design process that starts on the top most abstract functional level –
the main function, which is then divided into subfunctions and modules in the
consecutive next lower hierarchical abstract layers until a specific description is
reached, which can be actually implemented, and on the lowest layer synthesized in
real hardware.

10.5.6 A Unitary Model

There exists an abundant amount of psychological theories as has been tried to
review in [7]. In this book, the attempt has been started to collect all psychological
studies. However, they are taken and publications are cited without having checked
their compatibility (interoperability). At least, it is not reported. However, interoper-
ability is essential in the area of interdisciplinary science when taking other theories
as template.

In case of psychological schools, they are often based on different premises.
The approach to theory-making of psychology cannot be compared with natural
science practice where it can be seen as major goal to eliminate inconsistencies.
Additionally, in the psychological area, it is very hard or even impossible to formally
proof a theory. Therefore, more empirical procedures have been applied. However,
on the one hand, if the goal is to compile the mental apparatus in the bionic sense
with methods from computer engineering, one cannot simply accept inconsistencies,
but needs to search for solutions or particular application cases. If, on the other hand,
results or statements from different psychological schools are used, which are not
interoperable, the resulting model will be only a patchwork.

10.5.7 Differentiation Between Function, Behavior,
and Projection

In previous sections, we already distinguished between behavior and function.
However, there is one additional distinction necessary: projection. When looking
at quite famous developments such as the CB2 (a robot looking like a human child
of 4 years) [W1], we realize the way how reports about it are formulated. A lot of
analogies to children are endeavored. However, from a functional point of view, a
robot has nothing in common with a human because it simply lacks the functionality
of the psyche. Behavior created from the robot is driven by (very sophisticated, of
course!) computer algorithms that work very different than the human psyche. The
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one thing that makes people call it human-like is its appearance. Thus, observers
project human behavior into the robot. It is the same as with a doll. Even if a number
of actuators remarkably affect CB2’s facial expressions, there is no machine emotion
behind, only observers perceive the expression of an emotion. Hence, it does not
smile because it is amused; there exists no concept of amusement in the machine
or doll. Once again, it simply lacks the psyche to generate any kind of human-like
behavior. It is only the observers that project human-like emotions and behavior into
the robot.

10.5.8 Indispensible Interdisciplinarity

In science, there exists the principle that all relevant scientific results worldwide
have to be incorporated to serve as the state-of-the-art. However, when developing
human-like systems, it seems that this principle has been avoided since psychoanal-
ysis – which is as their core competence concerned with the topic for more than 100
years – has not been considered.

To emphasize this point and weaken arguments toward possible self-studies,
another hint is necessary: the education of an engineer at a university in Europe
lasts for about 6 years, a psychoanalysts needs about 9 years [W2], [W3]. This
means that an engineer, on the one hand, will probably not have time to undergo
this education, and on the other hand, conducting self-observations without such
education will probably not lead to any useful template for implementation.

Having a look at international working groups on the issue of Artificial General
Intelligence, it can be noted that hardly either psychoanalysts or neuropsychoana-
lysts are actually involved. Only some suggestions to bring together psychoanalysis
and engineering have been made. The first investigations in this direction were
presented in [4] and [8–12].

In other parts of AI, it has become common practice that engineers interpret
and utilize psychological literature. But then an engineer would be quite astonished
if a psychologist or even psychoanalyst came to the idea to interpret technical
research articles. The conclusion is clearly that in such kind of working groups
interdisciplinary work has to be more emphasized [13–15].

10.6 The Psychoanalytical Model

Finally, this section presents the developed model. This model is intended to be
used in decision units of various technical devices like robots or automation units.
It functions according to the psychoanalytical description of the functionality of the
human psyche. Therefore, it incorporates terms such as drive, wish, emotion, affect.
The following description is very dense and should give the reader only an overview
of the topic.
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Fig. 10.5 Functional model of the psychic apparatus

A functional model (Fig. 10.5) has been developed, which describes with the
help of psychoanalytical concepts how a motivational moment generates a wish,
then how decisions are taken, actions are planned, and finally conducted (a detailed
description can be found in [17]).

It is the task and function of the human mental apparatus to synthesize the
demands of three instances. These instances (Fig. 10.5) are the drive demand (E3),
which bases on bodily-physiological requirements (E1), the reality demand, com-
posed of internalized knowledge about the facts of the outer world, its possibilities
and bounds (E9), and the subjective consequences developed from perception of the
outer world (E14). The third instance represents the demands of the Super-Ego (E7,
E22), which is composed of socio-cultural founded bids and bans, i.e. rules.

These three instances and the consequences of their demands for the mental
apparatus are to be comprehended. A physiological, hormonal imbalance that
develops in an organ (E1) triggers via neuro-symbolization of that organic require-
ment (E2) a drive tension (E3), whereby the drive tension is the first psychic
representation of bodily circumstances. Life-sustaining drives are mixed with
aggressive drive tendencies (E4). Their content in the form of thing presentations
is further transported (I1.4) and gets rated by an affect of more or less unpleasure
(E5). Affect together with (thing) presentation form the drive, whereby the affect is
the assessment thereof.

Affect and thing presentation together are carried (I1.5) to the defense mech-
anisms (E6), which with the rules about bids and bans from the Super-Ego (E7),
resulting fear, and under the internalized reality demands (E9) decide, if and in
what form affect and presentation are handed over to potential conscious processing
in the Ego.

Affects and presentations, which are entirely defended through the defense
mechanisms, as they are not allowed to get conscious or even preconscious,
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remain in the Id part of the mental apparatus in a container for repressed mental
contents (E15).

Affects and presentations that gained access (in what any kind of form) to the Ego
become processed in terms of the secondary process (E8). This means that thing
presentations become additionally conjunct with word presentations. In that form
thing presentations can be ordered and assessed logically, meaning they become
consistent with temporal and spatial conceptions.

As has been already stated, the work of the mental apparatus is influenced
by drive demands (E3) arising from bodily needs, perceptions of objects, and
circumstances of the outer world (E14). The outer world is represented in sensor
data of two kinds: one targeted to the environment (E10), and one solely targeted
to the own body (E12). These raw sensor data are transformed into neuro-
symbols representing body and environment (E11, E13). These are the content of
unconscious perception before any kind of psychic processing or assessment. The
perceived (thing) presentations come into contact with repressed mental content
and together activate memories (E16). As a result, a combination of perception
from the outer world and memory is constructed (E17). This means that not
some kind of copy of the outer world is psychically processed, but a subjectively
and individually assessed and associated presentation thereof. Just like the drive
tensions, the presentations of the outer world produce affects (E18). Presentations
and affects on this level originating from outer perception and demands are similarly
treated by defense mechanisms (E19) as it has been described for drive tensions.
Again, perception content that passed the defense mechanisms and therefore gained
access to the Ego (in what any kind of form), become processed in terms of the
secondary process (E21).

At this level for the first time, preconscious or conscious inner perception (E20)
of drive tensions and perceived content from the outer world is possible. Inner
perception includes also preconscious/conscious perception of feelings and affects
that are related to the combined thing/word presentations.

The thing/word presentations and related affects are carried (I1.7, I2.11, I5.5)
to three further processing entities: the preconscious Super-Ego (E22), the decision
unit (E26), and the attentive outer perception (E23). The preconscious Super-Ego
in principal contains the same content as the unconscious one. However, its content
can be accessed consciously and has influence on the decision unit (E26). It controls
how the wish – resulting from drive tension after secondary processing – is to be
treated. In other words: if and how wish-fulfillment can be achieved.

Both, the attentive outer perception (E23) and the memorized facts about
circumstances of reality (E25) affect the reality check (E24), which tells the decision
unit what in terms of wish-fulfillment can realistically be achieved and what not –
without moral assessment.

After drawing a preconscious/conscious decision that wish-fulfillment is to be
achieved (E26), with the help of memorized scenarios (E28) potential action plans
are composed (E27) and assessed (E29). The decision for conducting a particular
action plan is thereby mainly influenced by feelings (I5.5) resulting from inner
perception (E20).
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Finally, the action plan is decomposed into instructions for motility control (E30),
which are neuro-desymbolized (E31), meaning that mental content is translated into
physical signals, which control the actuators (E32). The feedback loop is closed via
the sensors that perceive the actual affect on the own body and also the actual affect
on the environment of the conducted actions.

10.7 Conclusion

Communication and automation technology have evolved from simple mechan-
ical systems over systems with simple automation and communication abilities
to technologically complex solutions that implement all levels of the ISO/OSI
communication model and even more abstract levels above and perceive and affect
their environment in particularly very advanced ways. The academic questions to be
solved in this context have changed from classical electrical engineering issues to
problems, which are more related to computer science since the emphasize on the
informational part in automation systems continually increases. The demands and
requirements for automation systems are steadily changing. In the context of smart
future automation networks, it is of major importance to add smart functionality to
devices. In the long run, only human-like capabilities will allow for automation of
many fast, dangerous, and demanding processes. This goal can in our perspective
only be achieved with interdisciplinary scientific efforts between engineers and
psychoanalysts in a bionic fashion.
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Chapter 11
Technical Rebuilding of Movement Function
Using Functional Electrical Stimulation

Margit Gföhler

Abstract To rebuild lost movement functions, neuroprostheses based on functional
electrical stimulation (FES) artificially activate skeletal muscles in corresponding
sequences, using both residual body functions and artificial signals for control.
Besides the functional gain, FES training also brings physiological and psycho-
logical benefits for spinal cord-injured subjects. In this chapter, current stimulation
technology and the main components of FES-based neuroprostheses including
enhanced control systems are presented. Technology and application of FES cycling
and rowing, both approaches that enable spinal cord-injured subjects to participate
in mainstream activities and improve their health and fitness by exercising like able-
bodied subjects, are discussed in detail, and an overview of neuroprostheses that
aim at restoring movement functions for daily life as walking or grasping is given.

11.1 Introduction

Injuries or diseases can interrupt the conduction of action potentials in the neural
system. Depending on the kind and severeness, this may lead to complete or partial
loss of control of the muscles of the lower and/or upper extremities.

The application of electrical stimulation in a rehabilitative setting was initiated
in 1961, when W.T. Liberson, a physical rehabilitation specialist and medical
researcher, developed a heel switch-triggered personal electronic stimulator device
to correct foot drop [1]. Functional electrical stimulation (FES) aims to generate
movements or functions which mimic normal voluntary movements and so restore
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the functions which these movements serve. Devices that are delivering FES are a
type of neuroprosthesis.

Reactivation of skeletal muscles and hence movement functions by FES may
have impact on general life, reduce secondary health problems, and increase overall
quality of life. Specific training with FES can cause significant improvements of the
cardiovascular and pulmonary systems, reduce atrophy of skeletal muscle, increase
bone density, and also lead to mental benefits ([2, 3]; Faghri et al. 1992).

11.2 Principle

Naturally, the signal for muscle contraction is generated in the central nervous
system (CNS). This signal is propagated to and along the peripheral nerve and
via the synapsis transferred to the muscle, where it induces the contraction. If this
natural muscle activation process is interrupted by a lesion, the activation signals
from the CNS cannot reach the muscles and consequently the muscles are paralyzed.
FES is a method to artificially generate an activation potential in the peripheral
nerve. A stimulator sends a stimulation pulse to the electrodes, and an activation
potential is generated in the peripheral nerve and propagated to the muscle in the
same way as in the physiologically intact body.

Figure 11.1 shows the main components required for a neuroprosthesis based
on FES. Central element of an FES-based neuroprosthesis is the FES controller,
which receives command signals and sensory input from artificial and natural
sensors and controls the electronic stimulator. The stimulator generates stimulation
pulses and induces muscle actuation via electrodes.

11.3 Actuation

The goal of FES is to stimulate the paralyzed muscles in as natural manner
as possible. This requires that the muscles are activated selectively and produce
reproducible graded forces. However, many poorly controllable factors related to
neuromuscular anatomy and electrode placement make these goals difficult to
achieve.

Muscle activation by means of electrical stimulation usually aims at generating
an activation potential in the peripheral motor nerves that innervate the muscle,
presuming that the peripheral motor nerves are not damaged. Also reflexes can be
elicited by electrically stimulating the afferent nerves. Muscle fibers themselves are
in principle electrically excitable but require very high stimulation intensities.

The stimulation signal for FES is generated by a programmable stimulator and
transferred to the electrodes which transduce electron current into ionic current in
the tissue. If the depolarization is strong enough, an action potential is induced in
the nerve and propagated along the nerve fiber. This activation potential is then
chemically transferred to the muscle fibers via the synapsis and induces muscle
contraction and consequently the tendon force. The activating function f .x; t/ is
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Fig. 11.1 Main components of an FES-based neuroprosthesis (figure of the human c�2010 3B
Scientific GmbH, Germany)

Fig. 11.2 Schematic of electrical field distribution in the tissue under surface electrodes

defined at each instant of time t as the second derivative of the extracellular potential
Ve in direction x along the nerve fiber (Fig. 11.2) [4]:

f .x; t/ D @2Ve.x; t/

@x2
:
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11.3.1 Stimulation Signal

The stimulation signal usually consists of a train of biphasic rectangular current
pulses with a frequency of between 0 and 100 Hz. Too low frequencies below the
critical fusion frequency may lead to rippled muscle force output, and too high
frequencies may increase fatigue [5]. For some applications, voltage-controlled
pulses are used instead of current-controlled pulses; these are more easy to control
but the current is the critical parameter that has to be above threshold level to
depolarize the tissue and generate an action potential. The advantage of current-
controlled stimulation is that if the resistance of the skin increases due to electrode
drying out or sweating, the constant current stimulator will adjust automatically,
whereas in a voltage-controlled stimulator the current flowing through the electrode
has to be measured and the voltage adapted accordingly to achieve constant
stimulation conditions. On the other hand, if an electrode loosens from the skin,
the current density flowing through the remaining small contact area may increase
to the level where skin damage can occur in a constant current stimulator. Generally,
charge balanced pulse types are used so that no net charge is introduced to the body.

Parameters of the stimulation signal that influence the muscle force output are
stimulation intensity and pulse frequency. The stimulation intensity can be varied
by pulse amplitude and pulse duration, which is limited by the signal’s frequency.
Figure 11.3a shows a measured isometric recruitment curve (IRC), the relation
between stimulation intensity (the pulse duration is varied at constant pulse
amplitude) and isometric muscle force. If the stimulation intensity is higher than
a threshold value, the force increases almost linearly until saturation is reached.
Figure 11.3b points out that the isometric muscle force increases with stimulation

Fig. 11.3 (a) Isometric recruitment curve IRC, (b) relation between stimulation frequency and
isometric muscle force, results of measurements on the Quadriceps muscles of five male paraplegic
subjects and average [6]
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frequency. The maximum force is reached at about 30 and 100 Hz for slow and fast
contracting motor units, respectively. For frequencies above 50 Hz, muscle fatigue,
which is a severe problem in FES applications, increases rapidly [5].

Muscle composition is changed in paralyzed muscle due to inactivity. The
percentage of fast contracting, fast fatiguing muscle fibers increases, which is one
reason for quick fatigue in paralyzed muscle. These inactivity-associated muscle
changes can at least partially be reversed by FES training (Mohr et al., 1997).

In the case of physiological activation, first the thin, slow contracting motor
units of the muscle are activated, and when higher forces are needed, bigger, fast
contracting motor units are subsequently added. Similarly, the stimulation frequency
is low at the beginning and raised for higher forces. The activated motor units are
distributed over the muscle. In the case of artificial stimulation, the recruitment
order is reversed to so-called inverse recruitment [7]. This means that big, fast
contracting and fast fatiguing motor units are activated first. Additionally, motor
units in the region of the muscle where the electrical field is stronger are activated
first. Therefore, some parts of the muscle might be active while other parts are totally
inactive.

11.3.2 Electrodes

Electrodes build the interface between the neural system and the technical device of
the neuroprosthesis. A variety of interface concepts have been developed, ranging
from simple wires to complex microsystems with integrated electronics. In general,
selectivity increases with invasiveness.

11.3.2.1 Surface Electrodes

Surface electrodes are attached to the skin above a nerve or motor end plate. Their
advantage is that they are noninvasive and easy to use. Disadvantages are the
high influence of the electrical resistance of the skin and other tissues between
electrode and nerve with respect to the distribution of the electrical field and
the geometrical restrictions. It is impossible to reach deep-lying muscles without
also stimulating overlying superficial muscles. High stimulation intensities are
necessary, and it is difficult to predict which portions of the muscle are reached by
the electrical field. One way to improve selective activation is to dynamically switch
the cathode between sets of small transcutaneous electrode elements. Recently,
novel embroidered electrodes have been used [8].

11.3.2.2 Subcutaneous Electrodes

Intramuscular electrodes are fine wire electrodes that are either inserted directly
through the skin as percutaneous electrodes or tunneled subcutaneously. Percuta-
neous electrodes are less invasive than fully implanted electrodes, but positioning
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is difficult and relative movements can occur during movement. In addition, stress
points occur where the wires cross the skin and at fascial planes between muscles.
Frequent bending at these points can cause the wire to break, and the wire from
the electrode comes through the skin providing a path for infection. Therefore,
percutaneous electrodes are rarely used for long-term systems.

Epimysial electrodes are surgically placed on the muscle near the motor point.
They consist of disk-shaped metals with a polymer shielding the surface away from
the muscle.

11.3.2.3 Nerve Electrodes

Nerve electrodes are placed directly at the nerve – either adjacent, encircling, or
intraneural.

Extraneural cuff electrodes consist of an insulating tubular sheath that encircles
the nerve and contains two or more electrode contacts at their inner surface
that are connected to insulated lead wires. The electrodes distributed around the
circumference of a peripheral nerve are intended to activate different populations of
axons. Cuff electrodes are easy to implant but may lead to nerve damage if their size
is not well adjusted to the nerve diameter.

Intraneural electrodes are placed either longitudinally (Longitudinal Intra-
Fascicular Electrode, LIFE [9]) or transversally (Utah Slanted Electrode Array,
USEA [10]) in the peripheral nerve endoneurium and have higher recording
selectivity and signal-to-noise ratio than extraneural electrodes. The LIFE is used
for neural recording or stimulation small subsets of axons within a nerve fascicle.
Typical records from LIFEs show multiunit activity where it is sometimes possible
to resolve single units. LIFEs with 10�m thickness and 50 mm in length have been
realized using thin-film microfabrication techniques on polymer substrates, which
also makes them more flexible and mechanically compatible [11]. The USEA is a
silicon-based, three-dimensional structure consisting of a 10 � 10 array of tapered
silicon electrodes that project out from a 4mm�4mm substrate that is transversally
inserted into the peripheral nerve for neural recording or stimulation. The lengths of
the electrodes are graded from 0.5 to 1.5 mm along the length of the array to ensure
that when it is inserted into a peripheral nerve, the electrode tips uniformly populate
the nerve.

Sieve electrodes consist of a matrix of holes that is positioned at the end of a
nerve. Ideally, the axons of the nerve will grow through the holes and build elec-
tronic contacts. Sieve electrodes have not yet been tested in human applications [11].

11.4 Stimulators

External stimulators: several multichannel programmable devices with analog and
digital input and output lines are commercially available.

A commercialized implantable device is the eight-channel receiver-stimulator
IRS-8, which receives power and control via an external close-coupled radio
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frequency signal. It is used in the Freehand systemr for active grasp and release.
Based on the IRS-8, two implantable stimulator–telemeter systems (IST) have been
developed which have additional input lines for sensory signals.

Loeb et al. [12] developed a fully implantable wireless microstimulator, the
BION (“bionic neuron,” 2 mm diameter �16mm long). Multiple BIONs can be
injected through the barrel of a hypodermic needle near the nerve or neuromuscular
junction of interest. Each BION receives power and digital commands from a
telemetry link and delivers current pulses of the requested duration and amplitude
via electrodes that are mechanically fixed on either end of its elongated capsule.

11.5 Control

11.5.1 Modeling/Simulation

For simple tasks, muscle stimulation patterns are developed by combining clinical
experience with trial and error, but it is difficult to find smooth and energy efficient
movements with trial and error because of the dynamic interactions between the
segments. For more complex movements, muscle stimulation patterns have to be
determined mathematically by establishing a dynamic model of the musculoskeletal
system. This model usually consists of rigid body segments that are linked by joints
and the musculotendon actuators. Due to the complexity and variety of the biologi-
cal system parameter, identification is a main problem. Many parameters are difficult
to access in vivo, and there are big differences between subjects. Additionally, in the
case of physically disabled subjects, changes in muscle structure occur depending
on the injury. Recently, MRI techniques have brought advancements in estimating
musculoskeletal data of individual subjects.

To determine the impact of electrical stimulation on a movement, the resulting
muscle force has to be determined. Muscle models with varying complexity are
available [13]. Generally, the muscle force generation is divided into two processes,
activation and contraction dynamics, as shown in Fig. 11.4. Both activation and
contraction dynamics act as a low pass filter with the output responding slower
and more smoothly than the input [14]. Muscle activation corresponds to the
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Fig. 11.4 Schematic of muscle activation and contraction dynamics



226 M. Gföhler

Ca-concentration and is described by the linear activation dynamics in the case
of artificial activation by electrical stimulation. The static recruitment nonlinear-
ity additionally accounts for the impact of stimulation intensity and stimulation
frequency on muscle force according to the relations shown in Fig. 11.3. Muscle
activation is slower and deactivation is faster in electrically stimulated muscle
in comparison to physiological activation. From measurements on paralyzed leg
muscles, a rise time of 108 ms was determined for 0–70% of maximal activation,
and a fall time of 65 ms for 100–30% [15]. Muscle contraction dynamics describe
the generation of force by activated contractile elements and basically shows the
same behavior in healthy and artificially activated muscle. A muscle’s force at
each instant of time is a function of the instantaneous musculotendon length and
shortening velocity, the tetanic muscle force, and muscle activation.

The muscle forces act on the body segments. The behavior of the musculoskeletal
system is described by the equations of motion which are derived from the Newton–
Euler equations. A system with n degrees of freedom (joint angles) has n equations
of motion, which can be represented in vector form:

ŒA�: R� C ŒB�: P� C ŒC�:g D M;

where [A] is the n � n mass matrix, � is the vector of the system’s n degrees
of freedom, [B] is the gyroscopic matrix including centrifugal and coriolis terms,
M is the vector of joint torques directly due to muscle forces, and the term [C].g
represents the torques due to gravity. As [A] is generally a full matrix, a muscle
acting on one joint can accelerate all other joints of the system, this is called dynamic
coupling.

To generate a defined movement by FES, it has to be determined which of
the stimulated muscles have to be active in which phase of the movement and at
which level. A forward dynamic model (Fig. 11.5) is used to calculate the resulting
movement trajectories from muscle stimulation. Muscle forces and musculoskeletal
geometry give joint torques, then the equations of motion are used to determine the
joint angular accelerations, double integration finally gives the joint angles.

If the desired kinematics is known, inverse dynamics (Fig. 11.6) can be used to
determine the optimal timing of the muscle forces. The joint torques are calculated
with the system’s equations of motion. As each joint is usually spanned by more than
one muscle, there is a distribution problem when calculating muscle forces from

musculoskeletal
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musculotendon
dynamics

equations
of motion

joint
torques

muscle
forces

joint
angular
velocities

joint
angular

accelerations
joint 
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electrical
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Fig. 11.5 Forward dynamic model
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Fig. 11.6 Inverse dynamic model

joint torques. To split up the total torque to the single muscles, static optimization
has to be applied. A commonly used performance criterion is to minimize muscle
stress, squared, summed across all muscles [16]. As the static optimization does not
consider musculotendon dynamics, the resulting muscle force trajectories may be
irrealistic because a muscle cannot develop a force instantaneously.

To determine optimal stimulation patterns, muscle activation dynamics have to
be considered. This is possible using a forward dynamic model where stimulation
patterns are the input and the resulting movement is the output. A performance
criterion applicable to the entire task has to be defined and forward dynamics
combined with dynamic optimization methods to determine the optimal stimulation
patterns. Parameter optimization methods as described in [17] are suitable to solve
this nonlinear optimization problem, though these methods cannot differentiate
between local and global maxima. Statistical methods as simulated annealing or
genetic algorithms are likely to find global maxima but have the disadvantage of
high computational expense. An alternative for estimating muscle forces and muscle
excitations that requires three orders of magnitude less CPU time than parameter
optimization is neuromuscular tracking [18].

11.5.2 Control Systems

Designing a control system that tracks a joint trajectory or torque profile by
regulating the timing and levels of the electrical stimulation delivered to the muscles
is a challenging problem due to the nonlinear response of the muscles to electrical
stimulation and the complexity and redundancy in the musculoskeletal system.

Electrical stimulation may be delivered through either open or closed loop
control systems. The FES controller attempts at taking over control tasks from the
natural sensorimotor system and interfaces with the natural system at stimulation
output and depending on the control approach also at command input.

In open loop control systems (Fig. 11.7a), the controller determinates the muscle
stimulation according to the desired movement trajectory, and no information
about the actual trajectory is fed back to the controller. The performance of open
loop systems was found unsatisfactory for the generation of accurate movements,
because external disturbances as obstacles or internal disturbances as variations in
muscle force generation (e.g., due to fatigue) or inaccuracies in the model of the
musculoskeletal system have impact on the actual movement trajectory.
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Fig. 11.7 Schematic of (a) open loop control, (b) closed loop control, and (c) hybrid control with
both a feedforward and a feedback controller

For more complex or accurate movements, closed loop control (Fig. 11.7b) has
to be established. During normal voluntary movements, the CNS receives sensory
information on muscle-, tendon-, and cutaneous forces for neurophysiological
control. In closed loop control systems, electrical stimulation is being initiated by
the user’s command and then modified based on some feedback measurement such
as force or position. With closed loop control, the delivery of electrical stimulation
is continuously modulated to control the parameter being measured by the sensors.
The benefits of closed loop control are obvious, but closed loop control systems are
more complex to design and implement. Furthermore, measurement noise or errors
in the feedback signals can lead to unexpected behavior of the system.

For dynamical systems that are subject to both disturbances and measurement
noise, hybrid control systems (Fig. 11.7c) combining feedforward and feedback
control can improve the total performance [19]. Hybrid control systems have
frequently been applied for control tasks of the musculoskeletal system [20–22].

In model-based control, a musculoskeletal model is directly used as the con-
troller. An inverse dynamics model can be used as a forward controller with the
desired trajectories as input and optimal stimulation patterns as output. Muscle
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activation dynamics have to be linearized. Ferrarin et al. [21] designed a model-
based feedforward control of the knee joint angle and combined it with a PID
feedback controller. Jezernik et al. (2004) developed a sliding mode closed loop
controller based on a musculoskeletal model for controlling the shank movement
by FES.

The internal parameters of the musculoskeletal system may change because of
internal disturbances such as fatigue-induced changes in muscle force generation.
Adaptive controllers in which the controller parameters are allowed to adapt to
changing plant parameters have been used to cope with such phenomena [23].

Due to their ability to map arbitrarily complex nonlinear input/output relation-
ships from a given data set, artificial neural networks have been successfully applied
to predict patterns of muscle stimulation needed to produce complex movements
with FES-based neuroprostheses [20, 24–26]. EMG recordings from muscles under
voluntary control and/or kinematic data have been used as input for the training of
the neural controller [27].

11.6 Sensors

11.6.1 Artificial Sensors

Artificial sensors that are suitable for closed loop control of FES are force or
pressure sensors. They are mostly placed at the point of contact, like ground
contact in walking or grip force. Magnetic goniometers based on the Hall effect
are used for measuring joint angles. DC accelerometers can be placed on the
limb segments. Ambulatory position and orientation of human body segments can
be measured accurately by combining an inertial measurement unit consisting of
miniature gyroscopes, accelerometers, and magnetometers [28]. MEMS technology
even allows incorporating accelerometers into injectable stimulation devices [29].
Most of the artificial sensors are placed externally on the moved limb, imposing
further limitations on size, shape, and weight.

11.6.2 Natural Sensors in the Peripheral Nervous System

Natural sensors in the peripheral nervous system such as those found in the skin,
muscles, tendons, and joints present an attractive alternative to artificial sensors for
FES systems. Most of the peripheral sensory apparatus is still viable after injuries
in the brain or spinal cord, yet not connected to the CNS.

Nerve cuff electrodes similar to the cuff electrodes for nerve stimulation have
been used for chronic recording of ENG signals from sensory nerves. The ENG has
a very small amplitude and a major source of interference is the myoelectric activity
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of nearby muscles. The EMG amplitude is approximately three orders of magnitude
larger than the �V ENG and their spectra overlap. Implantable amplifiers have been
designed, which, placed close to the recording electrode, remove EMG overlap.
Control of FES thumb force using slip information obtained from the cutaneous
electroneurogram has been used to control FES grip force [30].

Multicontact nerve cuff electrodes can work bidirectional by stimulating individ-
ual fascicles of nerve trunks and recording multiunit afferent activity from peripheral
nerves [29].

The Utah Slanted Electrode Array USEA is inserted into the peripheral nerve for
neural recording or stimulation.

11.6.3 Volitional Biological Signals

11.6.3.1 EMG

EMG is used to assess residual volitional motor activities. In so-called EMG-
triggered stimulation, movement phases are initiated by volitionally activating the
muscle whose EMG is measured. More sophisticated approaches establish closed
loop control by modulating the stimulation intensity proportional to the measured
EMG signal. EMG signals can be recorded by transcutaneous electrodes giving a
noninvasive and relatively robust method for sensory input to the FES control. Any
muscle the user can volitionally activate can be used for EMG recording. In the case
of incomplete paralysis, it is also possible to record voluntary EMG from the same
muscle that is stimulated. Bidirectional electrodes are available that can both record
EMG and stimulate the muscle.

11.6.3.2 Brain Computer Interfaces

Brain computer interfaces (BCI) systems extract commands directly from the brain.
The user imagines to perform a movement and brain activity signals are gained
directly from the neuronal activity patterns in the corresponding motor areas of the
brain. An advantage for the control of neuroprostheses is the fact that the imagined
movement need not necessarily be the desired movement. Any type of command
signal that is convenient for the user to generate can be used by the FES system. For
example, foot movement can be imagined to trigger the FES system to open/close
the hand. Due to the high inter- and intrasubject variability motor learning strategies
have to be applied.

Noninvasive systems record the electroencephalogram (EEG) from the scalp or
use functional magnetic resonance imaging (fMRI). The acquisition of high levels
of control usually requires extensive user training. EEG-based BCIs are frequently
used to trigger preprogrammed movements by FES-like hand grasp. Classifier
functions are used to choose between two or more different brain states. These
signals are then used like switches between different phases of a movement pattern.
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Invasive methods use local activity from multiple neurons recorded within the
brain. They show higher selectivity and are more successfully applied for complex
control tasks but have the disadvantage of significant clinical risks and limited
stability.

Electrocorticographic (ECoG) recording from the cortical surface has been
tested as an alternative to current noninvasive and invasive recording methods [31].

First human pilot trials with both invasive and noninvasive systems suggest that
BCIs could be a future option for the control of neuroprosthesis in patients with
high-level SCI [32–34]. Still, there is little information available on the changes in
the neural circuits in the brain after spinal cord injury, and optimal signal processing
techniques have to be found to convert the existing brain signals efficiently and
accurately into operative control commands.

11.7 Applications for the Lower Limb

Lower limb FES systems are used to restore walking [35], standing [36], sit-to-
stand [37], cycling [38], and rowing [39]. Balance and the risk of falling are
main problems in all upright body positions. As relatively high muscle forces are
necessary for carrying the body weight, muscle fatigue is a serious problem in lower
limb systems because it can cause falls and possible injury.

11.7.1 Cycling

Mobile FES cycling outdoors is attractive for paraplegics because they can use a
standard bike (tricycle) with only a few modifications and move independently,
powered by their own muscle force, over relatively long distances. Problems with
balance are avoided by the seated body position, and compared to other types of
movement, cycling has the advantage that the force applied to the pedal is converted
into motion with very high efficiency.

FES leg cycling ergometry is frequently applied for muscle training in reha-
bilitation. The first commercialized leg cycling exercising system was ERGYS
(Therapeutic Alliances Inc.) in 1984. So far, only external FES systems with surface
electrodes have been used for FES cycling. For paraplegics, a number of leisure
and sport activities are available, like basketball or hand-cycling, where only the
intact upper extremities are activated. But the muscle mass of the upper extremities
alone is not big enough to achieve oxygen consumption and heart rates above
threshold, where the training is effective for reducing risk factors for cardiovascular
and metabolic diseases. In comparison, the physiological benefits of the FES cycling
training are relatively high [40].

Research on cycling by means of FES has been a focus of rehabilitation engi-
neering at the Vienna University of Technology for several years. An instrumented
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Fig. 11.8 Two-dimensional
skeletal model [41]

FES cycling system has been developed [38] that serves as both a stationary cycle
ergometer and a mobile tricycle for paraplegics.

11.7.1.1 Simulation

A forward dynamic simulation was established to optimize the stimulation patterns
for FES cycling and to determine the influence of parameter changes.

A musculoskeletal model of paraplegic isokinetic cycling on a recumbent cycle
was established [41]. The skeletal model is two-dimensional and effectively consists
of five rigid segments connected in frictionless hinge joints (Fig. 11.8). These seg-
ments represent the crank, foot, lower leg, upper leg, and head-arms-trunk (HAT).
The point of contact between foot and pedal is under the metatarsophalangeal (MTP)
joint by default. Usually, in FES cycling the ankle joint is fixed by an orthosis that
also stabilizes the leg. This means that the skeletal system has only one degree
of freedom and consequently the leg kinematics are entirely determined by the
imposed crank kinematics, and the muscle stimulation affects the forces but does not
affect the kinematics. But as the power output in FES cycling is usually quite low
and overcoming the dead center is sometimes problematic, it was investigated what
effect releasing the ankle joint and additionally stimulating the muscles spanning
the ankle joint has on the power output and overcoming the dead center. Releasing
the ankle joint adds a second degree of freedom to the linkage and thus aggravates
a control problem. Not only the force applied to the pedal but also the movement
has to be controlled by the muscle stimulation. On the other hand, releasing the
ankle joint and additionally stimulating the muscles spanning the ankle joint brings
additional physiological benefits. The equations of motion of the skeletal system
were derived from the Newton–Euler equations.

The skeleton is actuated by muscles/muscle groups of the lower extremity that
are stimulated during FES cycling. For fixed ankle, these are Quadriceps (Vastii and
Rectus Femoris receiving identical stimulation), Gluteus Maximus, and Hamstrings.
For released ankle, in addition Soleus and Gastrocnemius (receiving identical
stimulation) and Tibialis Anterior are included (Fig. 11.9). A Hill-type muscle
model [42] is used to represent these muscles. It consists of a contractile element, a
series elastic element, and a parallel elastic element. The latter element is present in
the model but has no effect in the optimal solutions. According to measurements on
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Fig. 11.9 Electrically stimulated leg muscles during FES cycling

Fig. 11.10 Optimal stimulation pattern for fixed ankle joint for isokinetic FES cycling at 45 rpm.
The light regions at the beginning and end of each stimulation interval indicate that the stimulation
is switched on and off gradually along a ramp to avoid spasms and after-twitches

paralyzed muscles [15], the muscle activation and deactivation constants were set
to 0.108 s and 0.065 s, respectively, based on the 0–70% rise time and 100–30% fall
time for muscle force during isometric contraction and maximum isometric forces
were set to 17% of the mean values for able-bodied subjects.

A forward dynamic simulation of isokinetic FES cycling at 30/45/60 rpm was
performed. As optimization method, a parallel genetic algorithm [43] was applied.
Input is muscle stimulation. The optimization criterion was to maximize mean
mechanical power output over one full rotation of the crank. Figure 11.10 shows
the optimal stimulation patterns for isokinetic cycling at 45 rpm, and the generated
drive power is 90 W. For released ankle, the optimization results with the described
model show that the ankle plantar flexors are unable to resist the torque of the pedal
reaction force. To avoid this problem, it is either necessary to shorten the effective
foot length by moving the position of the contact point of the foot sole and the
pedal or to increase the maximal isometric force of the ankle musculature. Higher
maximal isometric force of the ankle musculature might be realistic in many patients
because spastic contractions reduce muscle atrophy. Shortening the effective foot
length from 0.165 to 0.055 m resulted in a 10% power increase. Double maximal
isometric force in the ankle musculature plus shortening the effective foot length
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to 0.11 m shows a 29% power increase and the generated drive torque is positive
over the full crank rotation what means that overcoming the dead center might be
facilitated.

FES-cycling performance is influenced by a number of parameters such as
seating position, physiological parameters, conditions of surface stimulation, and
pedaling rate. A sensitivity analysis was performed to determine the influence of
the most important parameters on optimal muscle stimulation patterns and power
output of FES cycling (Fig. 11.11) [44].

The results of the simulation show in which regions the individual leg muscles
should be stimulated and what influence some parameters have on stimulation and
power output. Still there is a number of parameters which cannot be considered
adequately in the simulation. These include unpredictable spasm activity which also
strongly depends on daily condition of the patient, co-stimulation of antagonists,
muscle fatigue, and muscle force hysteresis, as the muscle force depends on both
activation and movement history. Also muscle condition is very different among
patients due to factors such as training status, spasms, type of and time since injury.
It is important to test the relation between stimulation parameters and generated
muscle forces for each patient individually.

11.7.1.2 Instrumented FES Cycling System

For details see [38].
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Fig. 11.12 Instrumented test- and training system and main components. The control box contains
the motor control and the accumulators

Mechanical Design

A commercially available tricycle was adapted as the basic frame for the FES-
cycling system (see Fig. 11.12). The horizontal distance between the crank bearing
and the seat can easily be adjusted to different leg lengths. For easier transfer from
a wheelchair to the tricycle, the right steering handle can be dismounted by opening
a quick clamp and a transfer board hugged on to the frame.

Orthoses

Figure 11.13 shows the orthoses which are mounted on the pedals. Their function is
to stabilize the legs in the parasagittal plane during pedaling. Due to the telescopic
shaft, the orthoses are adaptable to the length of the users shank.

Force Measurement Cranks

The force measurement cranks are based on strain gauge technology. Strain gauges
are arranged in three full Wheatstone bridges on the aluminum corpus of the cranks.
The arrangement of the strain gauges allows measurement of the radial force (in the
direction of the crank), the tangential force (rectangular to the crank in the pedaling
plane), and the torque around the longitudinal axis of the crank. The signals of each
crank are amplified, digitized, and sent to a laptop computer. A specialized time
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Fig. 11.13 Orthoses for leg stabilization in the parasagittal plane. Left: lightweight orthoses fixing
the ankle joint; right: orthosis with a ball bearing and adjustable movement range at the ankle and
a force measuring unit for measurements on the generated ankle torque

synchronized telemetry network is used to ensure time-correlated measurements of
left and right leg.

Electrical Stimulation

Figure 11.14 shows the current-controlled 10-channel stimulator that was developed
for FES cycling and rowing applications. The stimulator induces biphasic rectangu-
lar pulses with a stimulation current from 0 to 150 mA (at 1 k�), frequency from
0 to 100 Hz, and pulse width from 0 to 700�s. In “time mode” the stimulation is
delivered as a function of time, in “angle mode” as a function of an angle signal that
is processed in the stimulator. The stimulator automatically shifts the stimulation
pattern backward as a function of the actual cadence to consider the dynamic
characteristics (activation and deactivation times) of the muscles. Up to three sets of
individual stimulation patterns can be stored in the stimulator. During FES cycling,
the preset stimulation currents can be scaled from 0 to 100% by turning an adjusting
knob on the right steering bar of the FES cycle.

Drive Train

The main component of the drive train is the motor unit consisting of a servo-motor
and a planetary gear. An electromagnetic coupling connects the motor unit to a bevel
gear on which the pinion is mounted. The pinion is then connected to the cranks by
a chain.
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Fig. 11.14 Current controlled 10-channel stimulator for FES cycling and rowing applications

Fig. 11.15 Schematic of a FES cycling system with advanced instrumentation and control for
determination of individual optimal stimulation patterns

Control

A schematic of the control of the FES cycling system is shown in Fig. 11.15.
Basically, two operation modes are available:

• Mobile cycling

The electrical stimulation of the muscles/muscle groups Quadriceps, Hamstrings,
and Gluteus Maximus of each leg is generated by the 10-channel current-controlled
stimulator via attached surface electrodes. The stimulation patterns, i.e., the crank
angle intervals where each muscle/muscle group should be stimulated for maximum
power output, are stored in the stimulator. The angular position of the crank is
detected by an angle encoder which is integrated in the crank axis and read into
the stimulator.
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The motor generates a constant drive torque which is controlled by a turning
handle on the left steering bar of the cycle by the user. If no motor support
is necessary, the motor can be decoupled by switching off the electromagnetic
coupling.

The gears of the gear hub in the back wheel are changed by turning the outer part
of the right steering bar.

• Stationary cycling and measurement mode

For stationary cycling, the cycle is hooked up on a rack.
Enhanced control for both stimulator and motor is available by connecting a

computer to the system via an RS 232 Interface. A LabView-based control program
then communicates with the stimulator and the motor control, and reads in motor
current and crank angle data and additionally force data from the force measuring
cranks. The control program offers two modes of operation: an expert mode with
unlimited access to all parameters of the muscle stimulation and motor control,
and a wizard mode with limited access which guides the user step by step through
a predefined series of training and measurement units. The data processing is
automated and the measurement data of all the training units of one person are
stored together with the personal log file.

To allow reproducible force measurements, the motor can either move the cranks
at constant angular velocity for isokinetic measurements or hold the cranks on
a defined position for isometric measurements. Predefined measurement routines
allow to determine individual sets of optimal stimulation parameters based on the
results of the mathematical simulation. At first, isometric measurements determine
the muscle’s force response and adequate stimulation intensity for cycling, then
the crank angle interval is determined, in which the muscle applies positive crank
torque. Isokinetic measurements then adapt the optimal stimulation interval to
higher cadences.

11.7.1.3 Clinical Application

The FES cycling system offers multifunctional equipment for FES-cycling training
and therapy. Currently, the system is being tested as a rehabilitation tool in clinical
rehabilitation for spinal cord-injured subjects in a clinical study in cooperation with
the AUVA Rehabilitation Center Weisser Hof in Austria. Patients are doing an FES
training session three times a week over 2 months as part of their rehabilitation
program and also do outdoor cycling. Figure 11.16 shows a paraplegic subject
performing stationary training on the FES tricycle. Due to the force measurements
and the automated data processing, the therapy progress can be well monitored.
Also spasticity is assessed before and after each FES session, and it has been shown
in accordance with earlier studies that the FES training reduces spasticity at least
temporarily [45].
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Fig. 11.16 Paraplegic
subject performing stationary
training on the FES tricycle

11.7.2 Rowing

Ergometer rowing with FES of the muscles in the lower extremity enables para-
plegics to participate in this mainstream activity for health, leisure, and sport. As
muscle mass of both upper and lower extremities is metabolically active during the
rowing motion, the cardiovascular training is higher than in exercises where only
the muscle mass of the lower extremities is activated (Hettinga et al. 2004).

11.7.2.1 Simulation

For determination of the optimal stimulation patterns for ergometer rowing by
means of FES, a musculoskeletal model was established in Matlab Simulink
(Kuchler and Gföhler, 2004). The model of the user-rowing machine system rep-
resents a planar 8-link kinematic chain with three degrees of freedom (Fig. 11.17).
The resistance mechanism was modeled by Euler’s principal equation for flow
machinery (damping element kL in Fig. 11.17). The equations of motion were
derived using the Newton–Euler equations.

Seventeen muscle groups of the upper and lower extremities were considered.
The muscles of the lower extremities are activated by surface electrodes. Maximum
isometric forces were scaled according to measurements [15]. The three degrees of
freedom represented by the angles '1; '3, and '6 and the vertical contact force at
the seat were used as inputs to solve the inverse dynamic problem [46]. The muscle
forces were determined using mathematical optimization [16]. Figure 11.18 shows
the normalized muscle forces in the lower extremities over one complete rowing
cycle. The results show that a high muscle force from Iliopsoas is necessary for hip
flexion at the beginning of the recovery phase. But the deep-lying Iliopsoas muscle
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Fig. 11.17 Model of the
paraplegic-rowing machine
system

Fig. 11.18 Forces of Tibialis
anterior (thick dashed),
Soleus and Gastrocnemius
(thin dash-dot), Vastii and
Rectus femoris (thin dashed),
Hamstrings (thin solid),
Gluteus maximus (thick
dash-dot), and Iliopsoas
(thick solid) normalized by
the corresponding maximum
isometric force during one
full rowing stroke

cannot be stimulated with surface electrodes; consequently, there will be difficulties
with generating a sufficient hip flexion torque, and this has to be considered in
ergometer design.

11.7.2.2 Instrumented FES Rowing Ergometer

For experimental investigations on FES rowing, an instrumented rowing ergometer
was designed based on a standard Concept II (Concept2 Deutschland GmbH,
Hamburg, DE) ergometer [47]. The sliding seat was replaced by a construction
with soft seating and adjustable backrest for stability of the upper body. Orthoses
are fixed on the foot rest for side-to-side stability of the legs. Five muscles/muscle
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Fig. 11.19 Instrumented FES rowing ergometer

groups are stimulated in each leg by surface electrodes: Tibialis anterior, Soleus and
Gastrocnemius, Vastii and Rectus femoris, Hamstrings, and Gluteus maximus.

Instrumentation of the ergometer allows the determination of actual kinematics
and kinetics for further investigations and individual optimization of the rowing
motion. The vertical seat force is measured by a combination of three force
measuring cells so that the torques can be eliminated. A force measuring cell which
is placed between handle and chain gives the pull force at the handle. The horizontal
position of the seat is measured by a position sensor. Two angle decoders are used
for measuring the length and angular position of the chain from the handle to the
resistance mechanism and hence define the two-dimensional position of the handle.
The digital signals from the angle decoders and the position sensor are read in the
control via a microprocessor. The analog signals from the force measuring cells
are read into a data acquisition card and from there also to the control. The joint
trajectories of all three degrees of freedom can be calculated from the measured
position data. Together with the measured vertical seat force, all necessary input
data are available to solve the inverse dynamic problem with subject-specific input
data (Fig. 11.19).

The control for the FES rowing motion is based on the same LabView program
as for FES cycling; the 10-channel stimulator which was developed for FES cycling
was extended with a rowing mode where the stimulation of the leg muscles is
controlled by the horizontal position of the seat which is detected by a position
sensor. The range of horizontal movement of both handle and seat are defined as a
function of the leg length for each individual subject and the stimulation pattern is
scaled accordingly.

11.7.3 Gait

Foot drop is a gait-limiting factor in patients with stroke or other disorders of the
CNS. Due to weakness of the ankle dorsiflexors, the foot drops and may drag on
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the ground during the swing phase of gait. The first system to correct foot drop
was proposed in 1961 by Liberson. In this device, the common peroneal nerve was
stimulated when the heel came off the ground to flex the ankle and thereby lift
the foot. A few systems based on this principle are commercially available. For
the stimulation either surface electrodes on the anterior leg muscles or implanted
electrodes near the peroneal nerve are used, the stimulation is synchronized to the
gait phase by either a switch under the heel or neural signals recorded from the sural
nerve with a cuff electrode or inertia sensors on the foot (WalkAide R�, Innovative
Neurotronics; Veltnik 2003; Weber et al. 2005).

Walking by means of FES is an attractive and desirable goal for many patients
because it gives them the ability to move as people do naturally. However, mainly
due to the problem of keeping balance and weight carrying, equipment for FES
walking is cumbersome to don and operate and only safe to operate under highly
controlled conditions. During FES walking, patients usually have to use a rollator
or crutches what makes it less applicable in daily life. The first systems enabling
walking were external devices that were developed by Kralj et al. [48]. Currently
mainly systems with surface electrodes are used, but also fully implanted systems
with stimulation of up to 48 muscles are available. The implantation frees the
patient from cabling, but still a walking frame or crutches are necessary. All
available systems are open loop controlled. The user has to initiate the step, and
then preprogrammed stimulation sequences are carried out for the whole step cycle.
Hybrid systems combine electrical stimulation with mechanical bracing and can
potentially combine the best features of mechanical bracing and FES into new
systems for walking after SCI that offer more advantages than the individual
components acting alone.

11.8 Applications for the Upper Limb

FES systems restoring upper limb function are mainly suitable for tetraplegics with
cervical lesions; the peripheral nerves innervating the arm muscles must be intact.
There are systems based on surface electrodes and percutaneous electrodes as well
as fully implanted systems available. The higher the level of the spinal cord injury,
the more joints must be controlled. Also the higher the injury, the fewer biological
control signals are available. FES has so far concentrated on restoring grasp in
patients with C5/C6 injuries. If the injury occurs below this level, tendon transfer of
functioning muscles is used to recreate the ability to grasp objects. At injury levels
above C4, it is difficult to stabilize the arm. Shoulder and elbow usually retain some
voluntary function in C5/6 spinal cord-injured people, but usually the arm is weak
due to the paralysis of some key muscles.

The Bionic Glove [49] is a completely noninvasive FES device designed to
activate hand muscles in C6/C7 spinal cord-injured persons who have some active
wrist movement. It consists of self-adhesive surface electrodes which are placed
above the motor points of the muscles to be stimulated and a glove which contains



11 Technical Rebuilding of Movement Function 243

a wrist position sensor and a box containing stimulator and control. Stimulation of
the muscles that produce hand grasp is triggered by extending the wrist. Stimulation
of the muscles that produce hand opening is triggered by flexing the wrist.

A clinically accepted example for an upper extremity neuroprosthesis for persons
with C5/C6 spinal cord injury is the Freehand System [50] which consists of
fully implanted electrodes and stimulator and an external control unit including
an inductive coil and a shoulder position sensor: Eight epimysial electrodes
control palmar and lateral hand grasp by neuromuscular stimulation of hand and
arm muscles. Hand grasp is triggered through operation of an external joystick,
controlled by the movement of the opposing nonparalyzed shoulder, which through
a radiofrequency-powered and -controlled implanted stimulator delivers electrical
stimulation. The Freehand system gives hundreds of persons the ability to feed and
groom themselves; some can even operate a computer with their hand. In order to
establish closed loop control of the Freehand system, nerve cuff electrodes have
been used to record activity from cutaneous mechanoreceptors at the index finger to
determine grip force.

11.9 Outlook

FES-based neuroprostheses for upper and lower extremities evoke lost movement
functions in SCI subjects. Exercises such as FES cycling and rowing enable
paraplegics to participate in mainstream activities and improve their health and
fitness by exercising like able-bodied subjects. The completely external systems
are relatively easy to don and handle, but the possibilities for control and selective
muscle actuation are limited. Besides the physiological training, a main desire of the
patients is to be able to move naturally as able-bodied subjects do. For use in daily
living the neuroprosthesis should support the user in a cooperative way. It should
respond to the moment-to-moment needs of the user without unduly distracting his
attention. The user should be released of tasks that can be automatized but keep
control over the movement coordination.

Recent developments in technology allow the design of miniaturized devices with
sophisticated control systems. But still it is a challenge to detect what movement the
patient desires to make and to transfer the signal proportionally into muscle force.

One crucial point is signal processing of biosignals that are recorded from brain
and muscle activity to get a reliable and reproducible proportional command signal.

Currently, another limiting point are the electrodes because the correlation
between stimulation and muscle force is difficult to predict. One major problem
here is also fatigue which is a main issue in all FES applications.

At present, implanted systems use either batteries, disposable or rechargeable, or
external AC power as power supply. Currently it is investigated whether biothermal
power sources which use small temperature gradients in the body to create electrical
power could make body powered implants possible (Biophan Technologies of West
Henrietta).
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Today the majority of spinal cord-injured subjects has an incomplete lesion.
Consequently, there is a need for modular programmable systems that can be
adapted to individual situations. FES with surface electrodes can be problematic
for subjects with incomplete SCI, because when the sensory function is still intact
the electrical field can evoke sensations of pain already at low stimulation intensities
where only low muscle forces are generated.

More sophisticated systems will be available in the future, both external and
implanted. Still besides technology also other personal factors have to be considered
in the decision if a system is appropriate for an individual SCI subject or not.
From a social point of view, patients should certainly not be dependent on using a
neuroprosthesis for daily living. But each patient should have the freedom to choose
using a neuroprosthesis for more independent daily living and self-responsible
exercising for health and fitness.

Even if a cure of spinal cord injury should be possible in the future, those patients
who have exercised their body and kept their musculoskeletal structures in shape
will benefit first and most of it.
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Chapter 12
Improving Hearing Performance Using Natural
Auditory Coding Strategies

Frank Rattay

Abstract Sound transfer from the human ear to the brain is based on three quite
different neural coding principles when the continuous temporal auditory source
signal is sent as binary code in excellent quality via 30,000 nerve fibers per ear.
Cochlear implants are well-accepted neural prostheses for people with sensory
hearing loss, but currently the devices are inspired only by the tonotopic principle.
According to this principle, every sound frequency is mapped to a specific place
along the cochlea. By electrical stimulation, the frequency content of the acoustic
signal is distributed via few contacts of the prosthesis to corresponding places and
generates spikes there. In contrast to the natural situation, the artificially evoked
information content in the auditory nerve is quite poor, especially because the
richness of the temporal fine structure of the neural pattern is replaced by a firing
pattern that is strongly synchronized with an artificial cycle duration. Improvement
in hearing performance is expected by involving more of the ingenious strategies
developed during evolution.

12.1 The Hair Cell Transforms Mechanical
into Neural Signals

The exceptional performance and the extreme high sensitivity of the auditory system
are excellent examples of evolution. It was developed together with the lateral
line organ of fishes, a sensory organ that consists of a canal running along both
sides of the body, communicating via sensory pores through scales to the exterior.
Analyzing the vibrations of the surrounding water as spatial and temporal functions,
the lateral line system helps the fish to avoid collisions, to orient itself in relation
to water currents, and to locate prey. This way it is a touch sense over distance.
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Fig. 12.1 Scheme of a typical inner hair cell (IHC). The main task of hair cells in sensory systems
is to detect forces which deflect their hairs (stereocilia). The apical part of the cell including
the stereocilia enters the endolymphatic fluid, which is characterized by its high potassium
concentration ŒKC�. The transmembrane voltage of �40mV for IHC and �70mV for outer hair
cells (OHC) is caused by the K concentration gradient between cell body and cortilymph. Current
influx that changes the receptor potential occurs mainly through the ion channels of the stereocilia:
stereociliary displacement to the lateral side of the cochlea causes an increase in ion channel open
probability and hence depolarization of the receptor potential, whereas stereociliary displacement
to the medial side results in hyperpolarization. Small variations in the receptor potential (about
0.1 mV) cause a release of neurotransmitter which may cause spiking in the most sensitive fibers
of the auditory nerve [1]

Among such amphibians as frogs, lateral line organs and their neural connections
disappear during the metamorphosis of tadpoles because as adults they need no
longer to feed under water. The higher land-inhabiting vertebrates (reptiles, birds,
and mammals) do not possess the lateral line organs anymore. However, their deeply
situated labyrinthine sense organs use the same principle of detecting information
from fluid motion via hair cells (Fig. 12.1). Cell membrane voltage fluctuations of
a single hair cell are able to respond synchronized to high audible input frequencies
of 20 kHz in man, and to even essentially higher frequencies in bats, whales, or
dolphins.
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Fig. 12.2 The volley principle. A periodic acoustic stimulus will cause firing patterns in different
axons innervating one inner hair cell, e.g., as marked in this regular example with .a/–.e/. The
combined signal contains all the minima of sound even when no single fiber is able to fire with the
high frequency of the source signal. After [2]

Detailed temporal information resulting from the mechanical input signal is
recorded by the hair cell as intracellular potential fluctuations. But most of the
temporal fine structures would be lost if a single neural connection as schematically
shown in Fig. 12.1 has to handle signal transfer to the brain because of the slower
operation of neural signals. This problem is solved by a change from serial to
parallel coding: a single human inner hair cell has in average eight synaptic release
zones that distribute the information to eight spiking nerve fibers. This method is
called volley principle (Fig. 12.2).

In the following, we will introduce the three differing neural auditory coding
principles used by nature to handle the wide range of 120 dB for audible signal
amplitudes with hair cells of extremely smaller operating ranges. With cochlear
implants, many deaf people obtain auditory perception by electrical stimulation of
the auditory nerve. A disadvantage in hearing quality with the currently available
devices is, however, that signal processing strategies mimic only a single method of
the three natural principles.

12.2 The Human Ear

In the healthy ear, the acoustic signal which is physically a vibration of air pressure
causes an analogous movement of the hairs of the hair cells because the motion
is mechanically transformed into the liquid environment (Fig. 12.3). The hair cells
finally transform the acoustical input into neural signals. Frequency and loudness
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Fig. 12.3 (a) The main parts of the human ear. Part of a cross section marked as A–A is shown
in (b). (c) and (d) are front and top view schemata of the uncoiled cochlea. The shaded area in
(d) represents the basilar membrane which is the elastic part between the upper and the lower
chambers. The 35-mm long basilar membrane is stiffer against the basal end but broadens from 0.1
to 0.5 mm to the apical end and it changes the resonance properties continuously. When a tone starts
with a compression, the stapes will press the oval window membrane inside (broken lines in (c)). As
a consequence, part of the perilymphatic fluid will escape through the helicotrema, which connects
the scala vestibule and the scala tympani. The higher pressure in the scala vestibuli bends also
the basilar membrane downward. The broad widening (long broken line in (c)) sharpens with time
when sound is presented periodically at constant frequency. (b) If the pressure in the scala vestibuli
is higher than that in the scala tympani, the organ of Corti and other parts of the scala media move
down due to the compliance of the basilar membrane. The resistance of Reisner’s membrane is
very low and can be neglected. The movement of the basilar membrane will be registered by the
organ of Corti, which transforms the mechanical movement of the basilar membrane into neural
signals with the help of the inner hair cells. At the base of an inner hair cell, several synapses are
situated. Each of these synapses is connected with an axon of the auditory nerve. The axons of the
inner hair cells send their information to the brain (afferent neurons). Three rows of outer hair cells
receive their information mostly from the brain (efferent neurons)

are the two essential items of the acoustical input that are transmitted via nerve
fibers from the inner ear to the brain. Sometimes the cochlea is called a frequency
analyzer because of its mechanical tuning properties. This way frequency sensitivity
is a function of the place of stimulation, i.e., the hair cells at the beginning of the
cochlea response sensitively to high frequencies, whereas only deep tones will reach
the hair cells at the apical end of the hearing organ. Increasing the sound intensity
causes higher firing rates in an increasing number of auditory nerve fibers.
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12.3 Place Theory Versus Temporal Theory

There is an old controversy whether the inner ear uses the place coding principle
or the temporal structure of the spiking pattern to transmit the information of an
acoustic signal. The “place theory” was introduced by Helmholtz. He assumed
already that: (1) the basilar membrane consists of segments with varying stiffness,
(2) frequency selectivity is based on the resonance of a corresponding part, and
(3) each part is connected with a nerve fiber [3]. The most extreme form of the
“temporal theory” was put forward by Rutherford, who speculated that each hair
cell in the cochlea responds to every tone entering the inner ear [4].

Hundred years later both theories were applied independently as basis for two
essentially different signal processing strategies in cochlear implants, and every
success concerning acoustic perception seemed to underline the validity of just one
of both theories. Early implants transmitted the electrical stimulus as a continuous
voltage, analog to an amplitude compressed acoustical input to a single active
electrode placed, e.g., in the scala tympani close to the nerve fibers of the auditory
nerve [5]. As vowel discrimination is possible with such a single channel method,
this was a proof against a pure place theory. On the other hand, all modern cochlear
implants distribute the signals based only on the frequency distribution in the
acoustic source signal according to the tonotopic organization of the cochlea that is
according to the place principle. Neglecting the temporal fine structure of the input
is one reason for deficient speech understanding with cochlear implants, especially
in noisy environment. In a computer simulation study of inner ear mechanics, we
demonstrated that the sharp frequency location needs time for development [6] and
it may be more important for music than speech perception responses.

We should learn from hearing physiology that the brain uses several strategies
in parallel to obtain the relevant information from the auditory input signal. One
method which is not much considered is the ability to suppress neural signals to
avoid “memory overflows” but without losing important inputs and to handle a
mixture of neural spiking activity with and without information.

An interesting example is the visual system. When the lighting is gradually
reduced the visual receptor cell input changes from cones to rods, demanding for
a quite different signal management – but usually we are not aware that our visual
information changes from colorful to black and white. Another important method
is the handling of noise to detect weak signal, known as stochastic resonance [7].
Stochastic resonance is essentially a statistical phenomenon resulting from an effect
of noise on information transfer and processing that is observed in both man-made
and naturally occurring nonlinear systems [8].

12.4 Noise-Enhanced Auditory Information

At the threshold of hearing, the auditory system is able to detect vibrations of
the basilar membrane with maximum amplitudes smaller than 10�10 m. Stochastic
stereociliary movement caused by Brownian motions is with 3.5 nm [9] about 50
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Fig. 12.4 Distribution of spontaneous firing rates in the auditory nerve of chinchillas. Three
groups of fibers can be detected: fibers with (1) no or low spontaneous rate (19% of the fibers
have less than 5 spikes/s), (2) medium, and (3) high (>40 spikes/s) spontaneous rate. The fibers of
group 3 are able to detect low-level acoustic signals [11]

times stronger than the deterministic influence from the acoustic threshold signal.
The Brownian motion is partly responsible for a phenomenon called “spontaneous
activity”: without any acoustic stimulus firing rates up to 160 spikes/s have been
measured in auditory nerve fibers. The spontaneous firing rate of a nerve is strongly
related to its sensitivity: the group of fibers without spontaneous activities are not
stimulated by low-level signals at all [10]. However, fibers with high spontaneous
activity transport the information of very weak stimuli by evolving regularities
in their interspike times (time intervals between spikes). Nearly two-third of all
auditory nerve fibers have high spontaneous activities with more than 40 spikes/s
in silence [11] (Fig. 12.4). Therefore, in a healthy human ear, about 20,000 fibers
are expected to react this way to low-level signals. However, due to the tonotopic
principle, weak sinusoidal signals will cause only some hundreds of fibers to
respond to the input signal and the number of neurons answering to an even weaker
acoustic stimulus will further decrease. Our research group has simulated both the
stereociliary movement as reaction to the Brownian motion of the inner ear fluids
[12] and the IHC voltage changes caused by stereociliary motions [1]. It was shown
that the contribution of Brownian motion can be approximated by Gaussian noise,
low pass filtered mainly by the influences of the resistance and the capacity of the
hair cell membrane.

In contrast to the hypothesis that noise limits perception [13], it is shown that
for a signal which is too weak to reach threshold level, neural signaling is possible
when noise is added. Such noisy signals result from thermal Brownian motion as
well as by active forces from outer hair cells (Fig. 12.5). However, it is an additional
task for the neural system to check whether an external signal is contained in the
noisy neural input, and for positive cases to become aware of the signal features.
The signal extraction method is based on the higher spiking probability during those
periods where the positive part of the tone contributes to enlargements of the noise C
tone signal.

The next examples show simplified computer simulations of the first 5 ms of
basilar membrane motion when a 1000 Hz tone is applied. Based on finite element
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Fig. 12.5 Simulated voltage changes in an inner hair cell caused by a 500-Hz sinus tone and
by the additional influence of noise (zigzag curve corresponds to the sinus C noise signal). An
exponentially shaped “threshold curve” is shown which is used for calculating the firing times
in a specific auditory nerve fiber: the threshold curve goes down to a minimum threshold value
of about 0.1 mV. If IHC voltage change crosses this value, neurotransmitter release can occur,
but afterward, for a special time (recovery period), spiking is rendered in a way described by the
threshold curve. Note that the sinusoidal signal is too small to reach the threshold curve. Only with
the help of noise, it can be detected in the neural pattern. Amplitude of the sinusoidal signal is
0.02 mV, rms (round mean square) amplitude of noise: 0.2 mV resulting in a signal-to-noise ratio
of 0.1

simulations of inner ear forces, we assume that the tip of the longest inner hair
cell stereocilia vibrate with an amplitude similar in size with that of the basilar
membrane at the same position [14]. According to Fig. 12.6, spiking is therefore
expected at places as marked by flash arrows in noiseless environment.

By adding noise as done in Fig. 12.5, the signal seems to disappear (Fig. 12.7).
The situation becomes clearer as soon as more sensor elements are involved
(Fig. 12.8). The source signal is now easy to recognize, from both the tonotopic
and the temporal pattern: The frequency is recognized from the position with
maximum regularity (place theory) as well as from the periodicity in spiking pattern
(temporal theory) seen as dark stripes with 1 mm distances in Fig. 12.8. Under no-
noise condition, a basilar membrane region with about 120 IHCs reaches the 2 nm
threshold. This region is marked by two horizontal lines in Fig. 12.8. Remarkably
the neural pattern becomes organized also outside of this supra-threshold band. In
the next task, signal intensity is reduced by a factor 5 leading to a signal-to-noise
ratio of 0.33 (Fig. 12.9). The 5 ms window again has now too few data for a definite
decision. However, as most acoustical signals have a longer duration, we use now
the next ten periods of 5 ms and we find in the superposition of this 50 ms data
(Fig. 12.9, right) regularities even when covering about the upper half of the picture
with a piece of paper. Shifting the paper in vertical direction gives an estimate
for the detectable intensity corresponding to the threshold of hearing of a 50 ms,
1000 Hz tone.
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Fig. 12.6 Basilar membrane motion as function of time (0–5 ms) and space (0–35 mm) from a
simple mechanical cochlear model. A weak pure 1,000 Hz tone causes vibrations in the 35-mm
long centerline of the uncoiled basilar membrane, which finally has a region that reaches period-
ically a threshold limit of 2 nm. According to the tonotopic principle, the strongest vibration is at
a specific position marked by an arrow on the left side. As indicated by the curves close to this
arrow, amplitudes rise and fall exponentially as functions of basilar membrane’s length coordinate.
Decrease is quicker than increase, and this is the reason why low frequencies cannot be detected
(quick signal lost) at positions a few millimeter after the “point of resonance” (right side upward
from the arrow D apical direction)

Fig. 12.7 Simulated neurotransmitter release from 70 inner hair cells that are equally distributed
along the 35 mm length of basilar membrane. Gray levels indicate the basilar membrane maximum
amplitudes for the 70 lines as functions of time, darkness corresponds with amplitude size – white
means 2 nm are not reached. Left: signal without noise, center: noise without signal, right: signal C
noise. All 70 hair cells cause spikes in the auditory nerve as marked by the gray rectangles, but the
common input signal is lost in noise
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Fig. 12.8 Neurograms of the auditory nerve (spiking pattern) as pictures of neurotransmitter
release from all the 350 inner hair cells that are within an “octave region” containing maximum
vibration. Same method as in Fig. 12.7. Left: signal without noise, center: noise without signal,
right: signal C noise

Fig. 12.9 Same situation as in Fig. 12.8 but for a five times smaller acoustical input signal. Left:
signal without noise is empty, the place is used by a line showing the basilar membrane maximum
vibration amplitude for 350 positions of IHCs with a highest value of 0.7 nm. Center: signal C
noise; an order in the pattern is difficult to recognize. Right: superposition of ten 5 ms windows
makes the order easy to see

12.5 Auditory Neural Network Sensitivity Can be Tested
with Artificial Neural Networks

In a rather silent environment, we receive a lot of spontaneous activity and
permanently the auditory part of the brain has to find out whether the auditory nerve
input delivers just noise or noise with signal. Note that the signal can be a pure tone,
a combination of tones, speech, or even noise. Just now, we have treated this task
visually, that is by solving a related image recognition problem. We know that the
visual system is rather good for such a job. Interestingly, artificial neural network
techniques are also rather successful for image recognition tasks, and therefore we
tested this tool to see what our brain can do in a similar situation using the biological
neural network [15]. We found, e.g., that sinusoidal stimuli with a signal-to-noise
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ratio as low as 1/10 can be recognized from the simulated firing pattern of a single
auditory nerve fiber. This seems to be rather a theoretical result as a 20 s data set
is needed, and we cannot assume to store the single fiber data for such a long
duration biologically. However, the same data will be selected by 100 fibers with
high spontaneous activities from the same region in 200 ms which is more realistic.
One should be aware about a quadratic relation for the sensitivity when all data
are processed. This means we need to analyze a 200-ms interval from 400 fibers to
reduce threshold of hearing by a factor of 2, resulting in a signal noise ratio of 1/20.
Developing this technique, nature had to find a balance between number of fibers,
their post-processing units, and the sensitivity of hearing. It seems to be a good
choice that every inner hair cell has connections to several auditory nerve fibers,
and most of them have spontaneous activities to support the “stochastic resonance
phenomenon.”

12.6 Cochlear Implants Versus Natural Hearing

After the pace maker for the heart, cochlear implants are the most successful devices
for electrical nerve or muscle stimulation. It is surprising that auditory perceptions
with these devices are rather acceptable in spite of the fact that they produce a quite
unnatural spiking pattern in the auditory nerve fibers. The main difference to natural
pattern is a strong synchronization of spiking times in large populations of fibers.
With electrical stimulation, it is possible to obtain a bit higher spiking activities
in the single nerve fibers, but the advantage of the volley principle (Fig. 12.2) is
lost. The individuality of signaling using nearly 30,000 data lines in parallel is
missed, and this is a pity as the richness of the neural auditory pattern is needed
for a high fidelity quality in acoustic perception. Excellent development was done
in miniaturization to obtain small devices which can be hidden behind or even in
the ear. Many cochlear implant users have a bad speech understanding even under
best acoustical conditions.

An essential restriction in obtaining more natural firing patterns results from
the stimulation strategies generally used in human cochlear implants: all modern
implants are purely based on the place principle. A common method is to activate
in a cyclic manner up to 22 stimulating electrodes which are distributed along
the cochlea: Their individual stimulus intensity locally activate the cochlear nerve
according to the spectral characteristics of the auditory signal. But instead of
additional support with temporal auditory information, the cycle period generates
a virtual constant nonnatural temporal rhythm which is conducted by all stimulated
fibers.

In relation with the third biological coding principle, several authors have
investigated in adding noisy signals to the stimulus [16, 17]. A shortcoming of this
approach is, however, that the added noise favors phase locking to the stronger signal
parts of the noise and sustains artificially noise-related perceptions rather than really
support the volley principle.
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In general, electrical stimulation with cochlear implants obeys to the “all or
nothing” low: either a spike is generated in an auditory nerve fiber or not. This
principle causes phase locking between stimulus and response, and therefore much
sharper poststimulus histograms for electrical than acoustical stimulation. The
addition of noise is of some help but cannot achieve the natural distribution of fiber
activation. However, a high-frequency background signal disturbs the synchronized
firing within populations of neighbored fibers.

Therefore, a better method to enhance the temporal fine structure according to the
volley principle seems the constant stimulation with a high-frequency signal with an
intensity close to the threshold of fibers in the vicinity of the electrode. This signal
alone will generate some stochastic individual firing that interrupts common phase-
locked response rhythms as a consequence of refractory properties of the already
pseudo-spontaneous spiking fibers. The phenomenon was discovered and analyzed
to some extent by Rattay [18–20] and others [21–23].

12.7 Discussion

Our knowledge about the neural coding principles in mammalian auditory nerve
fibers is primarily based on animal experiments. Single cell recordings enlightened
our understanding how an acoustical signal is represented in the spiking pattern of
the auditory nerve [6,10,24–27]. As the main elements of mammalian cochleae are
quite similar and because of the restrictions for gathering human data, it is generally
assumed that the same firing behavior can be expected in man. However, in the
somatic region afferent human cochlear neurons are quite unique [28]. First, most
neurons are not shielded by myelinated in this region, and second, many of them are
gathered to clusters with two to four [29] neurons having a common insulation by
myelin.

This morphological difference is of major relevance for the propagation of an
action potential (AP) in the healthy ear and also responsible for quite different
excitation patterns in case of cochlear implants. Both human particularities are
expected to affect the neural pattern essentially, resulting in a specific human
physiologic hearing performance. A first analysis of the electrical features of a
non- or poorly myelinated somatic region demonstrated that the human afferent
cochlear neuron is essentially lesser robust in spike conduction as that of cat
and guinea pig, the preferred experimental animals [30]. Is loss of myelin in
the somatic region a human imperfection caused perhaps by a genetic defect? A
larger delay and a reduction in sensory information by loss of spikes seem to
result in disadvantages only. Tylstedt and Rask-Andersen [31] speculate whether
unique formations between human spiral ganglion cells may constitute interactive
transmission pathways. These may be in the low-frequency region and may increase
plasticity and signal acuity related to the coding of speech.
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12.8 Conclusion

It is surprising that a combination of inner ear mechanics and a sensor cell type with
a rather small operating range allows the high-quality detection of acoustic signals
within a range of more than six orders. Impressing is furthermore how those noisy
elements which cannot be eliminated, like Brownian motion of hair cell stereocilia,
are used by nature for signal amplification in one of three quite different signaling
strategies. When we recognize anatomical curiosities, e.g., the clustering of cell
bodies in the auditory nerve which is unique in man, we should try to understand the
neurophysiologic consequences, especially when we develop neuroprostheses that
have to replace the sensory input. On one hand, it is unbelievable that artificially
created neural pattern with a lot of nonnatural characteristics results at least in a low
quality hearing in deaf people. But the challenge is to find solutions that add more
of the natural features into the artificially evoked patterns.
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