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Preface

Jan Knippers / Thomas Speck

For as long as people have been building,
they have taken nature as their example.
However, until now the correspondences
were mostly of an esthetic nature, and only
forms and ornaments were transferred.
Only today is it possible—mainly based on
the transition to digital methods that has
occurred in all scientific disciplines—to
accomplish transfers at the functional lev-
eland thereby to arrive at a new definition
of the relationship between nature, archi-
tecture, and technology.

The dialog between the disciplines be-
gins with the quantitative analysis of the
functionally important characteristics of
biological systems. These are abstract-
ed into models that represent the charac-
teristics of interest and the construction
principles they are based on. The models
serve as the basis for carrying out an en-
gineering-based simulation of functional
morphology and are the starting point for
the transfer into technology. Conversely,
as part of the process of reverse biomi-
metics, these simulation results also pro-
vide the impetus for further basic research
and deepen our understanding of biolog-
ical systems.

The objective of the projects presented
in this book is to investigate the possi-
bilities of biomimetic transfer on the ba-
sis of very diverse questions, and there-
by to make a contribution to establishing

biomimetics as an independent scientific
discipline.

The main focus is on the analysis of con-
struction principles in biology and on their
transfer to architecture and structural en-
gineering. Using the processes of muta-
tion, recombination, and selection, living
creatures can adapt during evolution to
continually changing environmental con-
ditions. The efficient use of natural re-
sources is of key importance and provides
a huge selection advantage. With the help
of genetically controlled self-organization
processes, living creatures form hierar-
chically organized, finely tuned, and high-
ly differentiated materials, materials sys-
tems and structures that enable complex
and heavily interrelated functions whilst
at the same time fulfilling requirements,
some of which may be contradictory. Liv-
ing creatures consist of a small number
of mostly lightweight chemical elements
and basic molecular components that, as
arule, are derived from the organisms’ di-
rect surroundings and are built up under
environmental pressure and temperature.
In this, biological structures are funda-
mentally different from most technical
constructions. The latter are made up of
a large variety of materials and consist
of individual components, which most of
the time have no or very little cross-link-
ing. They are independent of each other
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and usually optimized to satisfy just one or
a few specific functions. Most of the ma-
terials used in building construction are
produced using methods with a high en-
ergy input (i.e., under high pressure and
at high temperatures). Functional princi-
ples such as adaptability, multifunction-
ality, or hierarchical structuring have, up
until now, been used only to a very limit-
ed extent in technology and particularly
in building construction, even though they
are ubiquitous in nature.

The starting point of the research activi-
ties presented here was the development
of Flectofin, a biomimetic facade shad-
ing system. The idea for the principle of
the opening mechanism came from the
violet landing perch of the flower of the
bird-of-paradise plant (Strelitzia reginae).
Under the weight of birds landing on the
perch this bends downwards, thereby re-
leasing the pollen, which becomes at-
tached to the birds’ legs. When these birds
visit the next bird-of-paradise flower, the
pollen is transferred to its stigma, thus
ensuring pollination. The elastic change
in form of the perch when it opens is of
interest for mechanics and is the starting
point for the biomimetic transfer. It is per-
formed without any localized joints and,
in the case of the bird-of-paradise flower,
can be repeated over three thousand times
in an identical way without incurring any

damage or functional blocks. This joint-
free elastic opening-and-closing principle
was transferred to the Flectofin biomimet-
ic facade shading system, which, as a re-
sult, is low in maintenance and extremely
robust, but also as esthetically appealing
as the biological example.

This book summarizes the results of the
TRR141 trans-regional Collaborative Re-
search Centre “Biological Design and
Integrative Structures” that attracted
sponsorship from the German Research
Foundation in the years 2014 to 2019. This
joint effort by architects, engineers, and
natural scientists from the Universities of
Stuttgart, Freiburg, and Tlibingen was in-
spired by the idea that progress in the arts,
the sciences, and technology would in fu-
ture come about more at the interfaces of
the disciplines rather than within the dis-
ciplines themselves. This book is a slight-
ly revised and extended version of the vol-
ume that was published on the occasion of
the Baubionik—Biologie befliigelt Architek-
tur exhibition that took place from October
2017 to May 2018 at the Natural History
Museum in Stuttgart.



Why biomimetics?

Jan Knippers / Thomas Speck

The warming of our planet and the in-
crease in pollutants forces us to funda-
mentally review our relationship with
nature if we do not want to destroy the
foundations of life for future generations.
In this context, construction and housing
are of critical importance because, on the
one hand, they are needed to satisfy ba-
sic human needs and, on the other, they
are responsible for a significant propor-
tion of the consumption of resources and
of the emission of pollutants. Worldwide,
40 percent of the consumption of ener-
gy, 40 percent of the output of waste, and
30 percent of carbon dioxide emissions are
due to global building activity.

If we want to provide adequate housing
for the world’s rapidly growing population,
we have to drastically increase the output
of our building activity over the next dec-
ades. In this scenario, the collapse of the
Earth’'s ecosystem can only be prevented
if we build in different ways, that is to say,
more intelligently. This poses some key
questions: How can houses be built us-
ing locally available and renewable raw
materials, and how can these houses be
disposed of at the end of their service
life without creating waste? How can we
live and work in our homes without con-
suming finite resources for heating and
lighting and so on, and without produc-
ing waste? How can a building’s envelope

react to changing climatic conditions in
the course of the day and the year, and
thereby reduce energy demand? How can
homes and offices be adapted to the ever-
changing requirements of users so that
they can be serviceable for as long as pos-
sible? For all of these questions we need
solutions that are not technically highly
sophisticated and hence prone to failure,
but straightforward and robust, and ulti-
mately we need economically viable solu-
tions that can be adjusted to the possibil-
ities and needs of the different countries
and societies of our world.

These key requirements of the architecture
of the future are fulfilled almost automati-
cally in nature’s own constructions. Funda-
mentally, all plant and animal structures
rely on the use of solar energy. Natural
constructions consist of few elementary
basic components that are part of a closed
material cycle. In this process, most of the
substances and energies used are avail-
able in the immediate vicinity. Making ef-
ficient use of scarce resources is an evo-
lutionary advantage. At the end of their
lives, all living beings decay into their ba-
sic components, which then form the ba-
sis of life for other, new living beings, thus
completing the circle of life.
Furthermore, natural constructions fea-
ture other characteristics that are im-
portant in architecture. They are robust;



thatis, they can survive unforeseen events
without being knocked off balance. When
damage occurs, they are capable of repair-
ing themselves. They can adjust to chang-
ing mechanical forces and climatic condi-
tions, both during the course of the day,
throughout the year, and during their en-
tire lifetime—and beyond—in the course
of subsequent generations in the context
of evolutionary adaptation.

It is therefore worthwhile for architects
and engineers to take a close look at nat-
ural constructions.

The step towards digital processes, which
has taken place in all areas of science
and technology over the last 25 years,
has opened up new opportunities for ex-
change between biologists, architects, and
engineers. Digital images of natural con-
structions, for example those generated
using magnetic resonance tomography
or (micro-Jcomputer tomography, can be
transferred directly to engineers’ comput-
er-based simulation models. In turn, these
enable biologists—in a process referred to
as reverse biomimetics—to gain a deeper
insight into the function of biological struc-
tures while at the same time serving as
the starting point for the implementation
of biomimetic building elements with the
help of computer-based production meth-
ods, such as 3D printing, which nowadays
is cost-efficient and widely available.

Even though our technical means are still
far from capable of transferring nature’s
constructions—which are the result of
3.8 billion years of evolution—in all their
entirety and complexity into architecture,
the study of these may show us new ave-
nues beyond rigid and standardized prin-
ciples of design and construction. Whether
the endeavor will lead to a more sustaina-
ble architecture will have to be verified in
each individual case.

In biomimetics, a distinction is made be-
tween two principal approaches, referred
to as the bottom-up process of biomimet-
ics (biology-push) and the top-down pro-
cess of bionics [technology-pull). In reality,
there are many transitions between these
approaches, which is also apparent in the
development of biomimetic buildings.

In the bottom-up process, biologists’ dis-
coveries—fundamental research in biolo-
gy—are at the beginning of a biomimetic
project M1. The interesting biological
structures and functions are analyzed
quantitatively and investigated using meth-
ods that are frequently taken from physics,
chemistry, or the engineering and material
sciences, thus demonstrating the interdis-
ciplinary character of biomimetics. In this
phase of a biomimetic project, in addition to
the biologists, there should be engineers,
architects, and materials researchers in-
volved for the purpose, among others, of



assessing the relevance of the application
of the investigated biological structures.
The objective of the quantitative analysis
of the context between form, structure,
and function of the biological example is
to understand the principle, that is, to ob-
tain a basic understanding of a function
that is of interest for a biomimetic imple-
mentation, and of the relevant structures.
This provides the basis for the next phase,
which is often the critical one for a biomi-
metic project, involving “the abstraction
and detachment from the biological ex-
ample.” This step involves—detached from
the actual biological role model—elabo-
rating the concept for the development of
the biomimetic product in greater detail.
This concept is based on the fundamental
physical and chemical principles govern-
ing the required function. In this phase of
the projectin particular, close cooperation
between scientists from biology, architec-
ture, and the engineering and materials
sciences is very important,and a common
language has to be developed for this pur-
pose. During this phase, it is common for
numeric simulations to take place, which
make it possible to check and, in some
instances, improve the quality of the ab-
stractions produced prior to the creation
of real demonstrators. This phase is fol-
lowed by the technical implementation—
the construction of demonstrators (in the
researchers’ laboratories) and prototypes
(in the workshops of industry]—in which
the biologists (most of the time) have only
an advisory role. Once the prototypes have
been tested successfully, the biomimetic
developments can be deployed in building
construction.

By contrast, at the beginning of a top-
down process in biomimetics, engineers,
materials scientists, architects, or repre-
sentatives of industry, respectively, will
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ask a specific question with respect to a
certain application ["2. Initially, this tech-
nical question is analyzed in greater de-
tail, and in this phase there will be co-
operation between all representatives of
the various science disciplines involved
in the project. This stage is followed by
a search for the best fitting role model in
biology. In this project phase, referred to
as the screening process, the objective is
to find the biological concept generator
that provides the best idea for the tech-
nical problem. Once promising working
principles have been identified in the se-
lected biological structures, they will be
characterized quantitatively. At the end
of this project phase, the working prin-
ciple will be understood and—as in the
bottom-up process—the next step will be
abstraction and detachment from the bi-
ological role model. When this phase has
been completed successfully, technical
implementation and the construction of
demonstrators and prototypes will follow.
If these tests are successful, the biomi-
metic products are usable.

The investigations that are part of the ab-
straction and technical transfer in the bot-
tom-up and top-down processes of biomi-
metics—for example, scaling from small
to large or vice versa, or use of materials
with other properties—and, in particular,
the numeric simulations can also often be
transferred to the biological role model
that provided the source idea, thus leading
to a better understanding of its structures.
This procedure, referred to as reverse bi-
omimetics, can—in addition to the acqui-
sition of knowledge of biology—also be
used to further deepen the understand-
ing of the working principle involved, and
thereby also additionally improve the pro-
cesses of abstraction and technological
implementation.



Bottom-up process
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EVERYTHING MOVES

Jan Knippers / Thomas Speck

Animals and plants move in order to take
in nutrition, perform photosynthesisin the
optimal way, protect themselves against
danger, and adapt to changing weather
conditions. Movement is indispensable for
most species of animals and plants in or-
der to ensure the survival of the individual
and hence also the species.

Our houses, too, are faced with continu-
ally changing requirements. Not only are
they subject to changes of light, temper-
ature, sound, and humidity in the course
of a day and throughout the year, but the
needs of their users are also subject to
change, both during the course of a single
day and throughout the service life of the
building. In spite of this, our houses are
static and rigid constructs. The walls of
houses are insulated for the coldest winter
night in order to prevent the loss of ener-
gy in the form of heat. However, this also
prevents the utilization of solar energy in
the transition periods. How can we con-
troland manage, on an ongoing basis, the
entrance of daylight, thermal insulation,
and the input of solar energy depending
on user requirements and the position of
the sun? Floors and walls are designed
to bear the maximum expected structural
load. However, the loadbearing capacity of
the building structure is hardly ever used
to its full extent. Would it be possible to
create structures that avoid exposure to
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wind forces by deforming and/or react to
higher loads by bracing?

A key objective of our research is to turn
rigid and immobile houses into constructs
that adapt to continually changing external
conditions and internal user requirements
through movement and deformation in
the same way that biological systems
do. Currently, however, architecture is
far removed from that ideal. At present,
the principles of adaptation and change
are applied only in very elementary forms
in architecture: roller blinds and facade
shading devices, for example, or movable
stages and stadium roofs. In most cases,
mechanical principles are employed that
date back hundreds of years. Typically,
rigid elements are connected via rollers,
joints, and hinges. These are prone to jam-
ming and blocking, and require constant
maintenance. Furthermore, in many cas-
es, only the two extreme positions—open
and closed—are structurally stable. Allin-
termediate states must be passed through
as quickly as possible in order to avoid in-
stability, and are therefore not usable even
if they would be functionally desirable to
the users. Such systems are most often
activated by external electrical or hydrau-
lic motors that apply forces and movement
to the system from the outside.

How much more elegant and movable are
the biological systems! Many animals and
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plants have responded to the challenge of
movement with elastic deformation of lin-
ear or two-dimensional elements. This en-
sures a high degree of functional reliability
even for geometrically complex move-
ment processes. Impressive examples
from the world of plants are the opening
and closing processes of flowers, in which
the petals, densely packed in the flower
bud, unfold during flowering and some-
times later close again, or the unfolding of
leaves measuring several square meters.
A further source of ideas are the changes
that take place in the form of flowers, such
as that occurring when pollinators visit a
plant (e.g., birds landing on the “perch”
of the bird-of-paradise flower p.7). Anoth-
er inspiration comes from the principle of
movement of carnivorous plants, such as
the Venus flytrap or the waterwheel plant
p. 32.

In the animal kingdom, the folding prin-
ciples of insect wings or the proboscises
of bugs and mosquitoes are examples of
how complex movement patterns can be
achieved with differentiating stiffness of
the materials and can be made possible
with just a single type of material p. 22.
Furthermore, in the case of living beings
the actuators [i.e. the drive elements] are
frequently integrated into the material
structure. Plant movements are often ini-
tiated by changes in the liquid pressure in

the cells, the so-called hydrostatic or tur-
gor pressure. Furthermore, movements
in dead tissue, such as the scales of pine-
cones, can also be driven by drying and
re-humidification processes in the dead
material itself. Animals usually use mus-
cle contraction to move. The muscles are
connected to rigid elements (bones) via lig-
aments, and the bones in turn are linked
via joints. This construction results in ro-
bust and long-lived systems with a mini-
mized input of energy and material.

Even though these are development tar-
gets, which also apply to architecture and
technology, comparable movable systems
that rely on locally adjusted and change-
able compliance of the materials and that
are driven by integrated actuators are vir-
tually unknown. Therefore, the objective
of current investigations is to analyze the
known biological principles in the plant
and animal kingdom, to understand their
working principles, to abstract them, and
to transfer them to architecture and tech-
nology.
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Plants in action

Olga Speck / Marco Caliaro / Anja Mader / Jan Knippers

Materials and structures adapt automatically when their environment changes. A

dream? No. In living nature, this goes without saying. In particular, plants that are

tied to their location have developed different adaptive mechanisms in the course

of evolution and can therefore react to changes in environmental conditions. Often

overlooked, but of special fascination, are plant movements, because these are

accomplished without joints whose parts glide across each other or rub against

each other and are therefore subject to wear. These adaptations and the underlying

functional principles and structures are of great interest, both for a deeper under-

standing of the biological role model of plants and for the development of computer

simulations as the basis for a later transfer to technology.

Adaptations to environmental changes

Plants are masters of adaptation

In contrast to animals, plants are firm-
ly tied to their location. They cannot run
away from drought, heat, or cold; neither
can they hide behind other plants, stones,
or animals when there is a storm. For this
reason, for plants, long-, medium-, and
short-term adaptations to environmental
changes are particularly vital to surviv-
al. All adaptations that have developed in
the course of 3.8 billion years of biologi-
cal evolution are or were ultimately neces-
sary for the survival of a species. Howev-
er, plants can also react to environmental
changes within years, hours, and even
minutes. For example, trees form thicker
growth rings and denser wood when they
are exposed to high wind loads for long
periods of time. Plant stems can lignify
over the course of a summer so that they
are able to carry their heavy fruit in the
autumn. But plants can also wilt within
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minutes or hours, or rehydrate, depend-
ing on the availability of water.

Adaptive buildings

The numerous mechanisms that allow
plants to react to changes in environmen-
tal conditions are of great interest for a
transfer to technology in general and to
buildings in particular. Biologists work to-
gether with structural engineers and ar-
chitects in cooperation projects in order
to fully understand the selected biological
role models and to apply the underlying
functional principles to so-called “adap-
tive buildings.” Like plants, buildings are
also tied to their location and have to cope
with different climate conditions and user
requirements; therefore, adaptable ele-
ments can be helpful. For example, adap-
tive building envelopes could control the
amount of sunlight entering the building



via the windows in order to prevent the
building from heating up too much in the
summer. For the development of adaptive
facade shading elements, biologists and
engineers took inspiration from naturel™3
and have developed elastically actuatable
systems such as Flectofin T2and Flecto-
fold ™27 (for the terms “to actuate/actua-
tor,” p. 20). Such structures work complete-
ly without joint- or hinge-like connections
between several rigid components. In-
stead, the entire system becomes a sin-
gle component, which deforms elastically.
The omission of joints or hinges with mov-
ing parts reduces mechanical complexi-
ty, lessens friction, and hence also cuts
down on wear and tear. The moving system
becomes more robust and less prone to
failure. There is almost no need for main-
tenance and care. In an ideal case, such
systems are as flexible as possible dur-
ing the movement in order to reduce the
amount of energy required for the actua-

73 Shading elements at
the Thematic Pavilion, EXPO
2012, Yeosu, Korea. Design
of a kinetic facade: SOMA

Architecture, Vienna, and

Knippers Helbig Advanced
Engineering, Stuttgart.

tion that causes the movement. However,
when they are exposed to wind and snow
loads, they will become stiff. This adap-
tive stiffness is also modeled by plants,
because the stiffness of plants changes in
accordance with water content.
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Bauplans of plants

Living plant cells are under pressure

Water is avital factor for plants. It plays an
importantrole in their metabolism, butitis
also critical to the mechanical properties,
in particularin herbaceous and non-woody
plants. In trees and shrubs, mechani-
cal stiffness and strength are primarily
achieved by lignified tissues consisting of
dead cells and fibers. Quite the opposite is
the case in all non-woody stems, leaves,
and flowers. In these, the structure and
associated function of the living plant cells
of the ground tissue is mainly responsible
for the mechanical properties. Every living
plant cell consists of a thin cell membrane
that encloses the interior of the cell and a
rigid external cell wall. The aqueous cell
sap inside the cell stretches the surround-
ing membrane and exerts pressure on the
surrounding rigid cell wall 4. This inter-
nal cell pressure (= turgor) can vary a great
deal depending on the available water. Val-
ues of between 0.07 and 4 megapascal (=
0.7 and 40 bar) have been measured inside
plant cells. As a comparison: the air pres-
sure in a car tire is approximately 2.5 bar;
an industrial high-pressure cleaning de-
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vice works at approximately 100 bar. Tech-
nically speaking, each plant cell is there-
fore a small hydraulic system that can also
function as a drive element (= actuator).
In plants, the non-lignified cells form the
ground tissue (parenchyma). When all cells
of the ground tissue work together, it is
possible to move entire plant organs.

Hydraulic plant movements

The effects of turgor changes in plant
cells can be easily observed in herbaceous
plants. When there is a shortage of water,
the plant loses moisture through evapo-
ration from the leaves. This loss of wa-
ter causes the turgor to drop inside each
cell. The immediate effect: the herbaceous
plant wilts and its leaves and/or stems
become limp. When the plant is watered
again, the interior cell pressure increases
due to the intake of water. Eventually, the
interior of the cell is fully refilled, the cell
membrane presses against the cell wall,
and the plant becomes erect again. Using
this “turgor system” enables some plant
stems to develop astonishing forces, and

"4 Schematic drawings of a
plant cell [hydraulic] in wilt-
ed (A] and in turgescent (B]
state. Finite element model
of a technical cell [pneumat-
ic) without (C) and with (D]

increased internal pressure.



75 Comparison of “turgor
system” and “ring of strength-

ening tissues” system of plants

“Turgor system” “Ring of strengthening tissues” system
Non-lignified ground tissue, few vascular Structure Distinct ring of lignified fibers and
bundles with fibers distributed across vascular tissues, very little non-
the entire cross-section, epidermis lignified ground tissue, epidermis
Stability achieved by living cells of the Mechanics Permanently stable due tolignified
ground tissue that are filled more or dead cells of the ring of vascular
less with aqueous cell sap and there- and strengthening tissues
fore are subjected to varying degrees
of internal cell pressure (turgor]
Adaptation to short-term environ- Period Adaptation over weeks and up to months
mental changes, such as drought or in the course of individual development
sufficient availability of water
Short-term decrease (wilting] or increase Effect Long-term increase in stiffness over the
(rehydration due to water intake)] of lifetime due to increased formation of
the stiffness of the peduncle lignified vascular and strengthening tissue
Adaptation to different degrees of water ~ Repeatability The lignification of the tissue is irreversible.

availability can be repeatable (Gerbera
jamesonii ‘Nuance’] or non-repeatable
(Caladium bicolor ‘Candyland’).

scent
/! N
N /

to lift not only their own weight but also
heavy flowers and leaves against the force
of gravity. Plant stems stabilized by a more
or less wide ring of strengthening tissue
react very little or not at all with a change
of stiffness to a lack of water and remain
unchanged stable [s.

When looking at thin sections of plant
stems under a microscope, we see quite
different three-dimensional arrangements
of the various tissues, which can be organ-

In contrast to bones, plants cannot remo-

ve or rebuild dead strengthening tissues.

[ Increase in lignification

ized both asymmetrically and symmetri-
cally in cross-section. Plant cells with a
special mechanical function are the so-
called “motor cells” that can be found in
the leaves of grasses from the Poaceae and
Cyperaceae families, for example. These
are particularly large non-lignified cells
that are arranged in groups in the area of
the epidermis. Opposite these cell groups
are lignified tissues that serve as a coun-
ter bearing. In combination, they function

17



"6 Microscopic cross-sec-
tion of the leaf of blue sedge
[Carex flaccal (Al and a
schematic illustration of
the tissue distribution (BJ.
The lignified tissues shown
in red in (B), together with
the motor cells, function

as a joint without gliding

parts. When the turgor in the —gor drops, the leaf closes.

Upper epidermis

motor cells increases, the

leaf opens; when the tur-

0.17mm

Motor cells

Ground tissue

Lower epidermis

Strengthening tissues

like a jointed connection, except without
sliding parts such as those normally found
in technical joints and hinges. When the

Strengthening

tissues

motor cells are fully turgescent, the two
halves of the leaf are open; when they are
less turgescent, the leaf is closed I"s.

From plant model to computer simulation

The objective of a cooperation project in-
volving biologists, engineers, and archi-
tects is the development of buildings or
building envelopes that are inspired by bi-
ology and can adapt to changing environ-
mental conditions. In the first step, suita-
ble model organisms are selected from a
multitude of plants—biological role models
that feature movement mechanisms with-
out joints. The selected plant models are
then investigated in detail, and data are col-
lected on the external shape (for example,
the diameter and length), on the internal
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structure (such as cell diameters, cell wall
thicknesses, the distribution of different
cell types), and on the mechanical proper-
ties (bending stiffness, damping proper-
ty). Step by step, the multitude of detailed
findings gained from the plant models are
reduced to the data needed for a computer
model 7. Then, with the help of comput-
er simulation, it is possible to investigate,
in different bauplans, the influence of the
turgor on the stiffness of the plants. Also,
itis possible to simulate various scenarios
in the computer, such as artificial wilting or



Caladium bicolor Primula veris

‘Candyland’ Heart ‘Cabrillo” Cowslip

of Jesus [petiole] primrose (pedicel]

O O

Gerbera jamesonii Dianthus

‘Nuance’ carthusianorum
Barberton daisy Carthusian

[peduncle] pink [pedicel]

O O

™7 From plant model to
computer simulation. Plants
have various bauplans, which
can be used as a basis for
computer models and, ulti-
mately, for implementation
in the form of biomimetic
products. Top: microscope
photographs of stained
cross-sections of different
plant stems [yellow-orange:

lignified tissue; scale bar

= 0.5 mm). Middle: schematic
models to differentiate be-
tween various tissues [black:
epidermis; blue: non-lignified
ground tissue; red: lignified
tissue). Bottom: results of
computer simulations. What
can be seen is the deforma-
tion (D] of the plant stem due
to the horizontal force (F] at
high turgor (left in each case)

and the additional deforma-

tion in percent for a turgor
reduced by 50% (right in
each case). The color gradi-
ent from blue to red shows
the horizontal deformation
[blue: small deformation;

red: large deformation).

artificial watering. Such computer simula-
tions are a basic prerequisite for the later
transfer to technical applications and, con-
versely, can also help us to better under-
stand the biological role model.

The simulations indicate that, with plants
having a higher proportion of lignified
strengthening tissue, the effect of tur-
gor changes due to changes in the water

content is smaller. If the turgor drops, the
plants with a ring of strengthening tissues
deform less when exposed to the same ex-
ternal force compared with plants consist-
ing mainly of non-lignified, turgor-stabi-
lized tissues. With the help of simulation,
it is possible not only to show these rela-
tionships in visual form but also to quan-
tify them.
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Technical transfer

Pressure-dependent generation
of movement

The above-explained plant movements
rely on the help of motor cells, which are
combined with counter bearings. When
the cells take up water and thereby in-
crease their internal pressure and vol-
ume, one side of the leaf is actively elon-
gated. This causes the overall structure
to bend. In the abstracted model of this
functional principle, cells with a flexible
exterior wall are applied to a stiffer ma-
terial "s.

When the cells are filled with compressed
air, they behave like balloons: they try to
adopt a round cross-section as this max-
imizes their volume. This means they
become wider. As the lower area cannot
expand in the same way, bending occurs.
Engineers also call such drive elements
of mechanical movement actuators. In
order to transfer this principle from the
plant to technology, the technical actu-
ator must be constructed of cells that—
as described above—change their shape
depending on the internal pressure. Like
the plant cells, these technical cells also
have a “cell wall” that is compliant and
therefore allows deformation when the in-
ternal pressure increases or drops. In the
cellular structure, the individual cells are
arranged and connected such that they
elongate on one side but on the other side
remain unchanged in length. Overall, this
results in bending of the total structure
that consists of the cellular actuator and
the rigid plate attached to it 9.

In this scenario, the individual cells of the
actuator are laid out such that the exter-
nal walls tilt outwards as the internal
pressure increases [ 4. By arranging sev-
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eral such cells next to each otherin a row,
the upper area of the cells becomes wid-
er and causes a bending movement in the
opposite direction. In such technical solu-
tions, the internal pressure can be gener-
ated in different ways: hydrostatically with
water, as in a plant, or pneumatically with
air, as in the technical cellular actuator.

Pressure-dependent stiffness

The increase in the internal pressure not
only causes deformation of the entire sys-
tem but also increases its stiffness, and
thereby its ability to carry external loads.
In plants too, an increase in turgor leads
to a stiffening of the tissue, because the
entire plant cross-section is mechanical-
ly stressed. When developing a technical
system that consists of several different-
ly shaped cell layers, it would be possi-
ble to utilize both the adaptive stiffness
and the generation of movement result-
ing from internal pressure. The movement
then depends on the difference in pressure
between the various layers of cells, where-
as the stiffness of the system depends on
the absolute internal pressure, assuming
identical cell wall material.



O

Cells without internal pressure

Cells filled with compressed air

78 Functional principle of a
cellular actuator for gener-
ating bending. As the cells
become wider due to the
increase in internal pressure
compared with the original
state [A), they cause bending

of the entire structure (BJ.

Potential technical applications

Current research is focused on actuating
compliant facade shading elements such
as Flectofin or Flectofold 27 based on the
help of adaptive and joint-free drive ele-
ments, as in the plant models. It would be
easy to integrate the cellular actuator in
such a biomimetic element.

The basic principle of such a movable sys-
temis the bending of a rod arranged later-
ally orin the center, which could be gener-
ated by the cellular actuator. In the case of
the Flectofold, the bending of the central

™9 Cellular actuator: the
increase in internal pres-
sure causes a widening of
the upper side of the cell
and thereby the bending
of the entire structure.

rib leads to a lifting of the wings, where-
as in the Flectofin it causes the louvers to
fold away laterallyl™10.

10 Integration of a cel-

lular actuator in joint-free

facade shading elements,
such as the Flectofold (A)
and the Flectofin (B).




Movement without joints:
(how) does it work?

Oliver Betz / Benjamin Eggs / Fabian Henn / Annette Birkhold / Oliver Réhrle

The ability to move actively gives unicellular organisms and animals the possibility

to freely change their location. This has many advantages with regard to the search

for nutrition and mates, the distribution of genes, and the avoidance of unfavorable

environmental conditions. The wide range of movements animals perform includes

the fast gallop of horses, the skillful clambering of monkeys, and the impressive

maneuvers of flies. Such movements require joints like those familiar to us from

arthropods [millipedes, spiders, crabs, and insects) and from vertebrates. How-

ever, movement can also be accomplished in quite different ways!

From a biological or engineering perspec-
tive, a joint is a movable connection be-
tween two or several (rigid) bodies (for
instance, bones) that defines their move-
ment in fixed directions in relation to each
other. From an evolutionary perspective,
however, genuine joints appeared relative-
ly late. Initially movement was achieved
without joints but by means of continuous-
ly changing the geometry of the structures
involved. In engineering, this principle is
known as “continuum kinematics.” In an-
imals this principle is common, examples
being the changes in shape exhibited by
earthworms or the wide range of move-
ments of an elephant’s trunk M11. Such
systems are typically soft to flexible, but
can often mechanically stiffen to become
more resistant. This is usually achieved
through the contraction of muscles. The
joint-free mechanisms and principles em-
ployed in continuous kinematics are of in-
terest to engineering not only because—
in contrast to joint-based systems—they
are often simpler. The technical systems
based on this feature are also capable of
achieving much more complex movements
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and therefore are better suited to adapt
to external constraints and requirements.
The principle of the muscular hydrostat,
which also governs the complex move-
ments of an elephant’s trunk, is only one
of several joint-free movement principles.
In zoology, the term “hydrostat” refers to
incompressible compartments filled with
fluid or muscles that, due to a change in
pressure, induce a change in movement
and stiffness. For example, the human
tongue is another example of a muscu-
lar hydrostat. Within the tongue, the wide
variety of movements is a result of the ar-
rangement of various muscle groups and
its orchestrated activation. Acommon as-
pect of the elephant’s trunk and the tongue
is that their movements are often high-
ly complex and therefore require a high
level of control. It is difficult to transfer
the properties of these biological materi-
als to technical solutions with controlla-
ble and hence functional characteristics.
Computer simulations can help us gain
deeperinsights into the function of hydro-
stats. The big advantage of simulations
and computational model is that many dif-



ferent “what if” cases can be performed in
a very simple, controllable, and straight-
forward way by just changing the relevant
input parameters. However, realistic com-
putational models of muscular hydrostats
are not easy to develop, because this re-
quires in-depth knowledge of the under-
lying working principles. Below, we out-
line these principles in more detail. Most
joint-free movements are based on muscle
activation; however, the resulting move-
ment mechanisms are often governed by
the mechanical properties of the passive
structures. We provide here a short over-
view of four joint-free movement mecha-
nisms found in unicellular organisms and
animals.

12 (A) The rhizopod
Amoeba proteus moves
with the help of its false feet
(arrows). Scale bar: 0.2 mm.
(B] The false feet advance by
permanently removing fil-
aments at their minus end
and subsequently adding
filaments (shown colored in

the image) at their plus end.
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11 The trunk of the
elephant is a muscular
hydrostat. This joint-free
movement principle was
adopted for the construc-
tion of a continually mov-
able technical gripper by
the FESTO company.

Amoeboid movement

The term “amoeboid movement” refers
to the creeping/flowing form of move-
ment found in many kinds of cells (e.g., in
rhizopods) M12a, which belong to the uni-
cellular organisms, or in the white blood
cells of humans (leucocytes). In this move-
ment, the mobile cell produces pseudopo-
dia (false feet), which are extensions of the
surface of the gel-like exterior cell plas-
ma. This contains a concentrated network
of protein fiber elements. When these fil-
aments extend beneath the cell surface
and, at the same time, are foreshortened
at their base, the cell moves forward [ 12B.




C Direction of locomotion

|
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Contraction of longitudinal muscles

i

13 Principle and exam-
ples of hydrostatically driv-
en joint-free movements

(A] Principle of the dermal
muscular tunic, in which the
fluid of the body cavity func-
tions as a counter pressure to
the body wall (adaptive rigidi-
ty] while, at the same time, it
changes its position along the
longitudinal axis, facilitating
changes in the body shape.
(B] In its outer body layer, the
nematode Pelodera stron-

gyloides only has muscles
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in longitudinal direction; this

means that it is only capable
of performing snaking move-
ments [mature female and
three juveniles in the first
larval stage). (C] Schematic
of the peristaltic movement
of an earthworm. Waves of
shortening and lengthen-
ing body segments move
from the front to the rear of
the body. In contrast to the
nematodes shown in (B), this
is possible because of the

subdivision of the body cavity

4 Contraction of annular muscles

Cuticle
Epidermis

Annular muscles

___ Bristles (setae)

Longitudinal muscles

into a series of compart-
ments and because of the
presence of annular muscles
in the body wall above the

layer of longitudinal muscles.



Movement via hydroskeleton

When muscles are involved in the pro-
duction of movement, they need counter
bearings, normally skeletons. These do
not have to involve bones; phylogeneti-
cally, the oldest types of skeleton are hy-
drostatic skeletons. They are based on
the principle that a fiber-reinforced and
fluid-filled body wall that is limited to the
outside and resists tension and pressure
is itself pressurized. Because the mus-
cles are integrated in the body wall, this
system is termed a dermal muscular tu-
nic. In general, due to muscle contractions
and the fact that the fluid cavity cannot be
compressed, the pressure increases and
is hydraulically transferred to other ar-
eas of the body. This causes changes in
body shape, which can also be used for
locomotion. As a rule, such hydroskele-
tons are common in invertebrates with soft
and flexible bodies, such as earthworms.
Here, the muscles responsible for move-
ment are located in the body wall, and the
hydrostatic skeleton in the form of the flu-
id-filled body cavity takes on the role of the
skeletal antagonist M13.

These principles have been introduced
in biomimetic applications, for example
in new drive technologies and in soft ro-
bots or parts of robots (e.g., robot arms
that must have great freedom of move-
ment). So-called “pneumatic” artificial
muscles are hoses consisting of a pres-
sure-proof fabric mesh. By increasing the
internal pressure the pneumatic muscles
contract. Complex deformations can be
achieved through various arrangements
of the fabric mesh.

Muscular hydrostats

Muscular hydrostats are cylinder-like
structures that predominantly contain
muscle tissue (instead of a fluid); the
muscle fibers can be arranged in various
directions. Such systems are self-stabi-
lizing, yet completely mobile. Examples
include the human tongue, the elephant’s
trunk ™11, the muscular foot of the Roman
snail, or the tentacles of an octopus. Like
the fluid-based hydroskeletons, such as
that of the earthworm, muscular hydro-
stats cannot change their volume. There-
fore, the muscles can act as counter bear-
ings and do not necessarily require a rigid
or fluid-based skeleton. Muscular hydro-
stats can perform an impressive variety of
movements and, at the same time, adapt
their stiffness to the mechanical require-
ments.

This principle is also often applied in the
field of soft robotics. However, instead of
the relatively rigid fabric mesh, soft plas-
tics are used in this case, enabling the de-
velopment of highly specialized surgical
tools for interventions inside the body. The
combination of various plastics or diverse
wall thicknesses makes complex move-
ments possible when the hose is pumped
up. For example, the aim of snake robotic
microsurgery is to carry out surgical inter-
ventions at any place in the heart through
a small opening.
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Slide-lock mechanisms

Prominent examples of adaptive joint-free
structures are the slide-lock mechanisms
of cilia and flagellal™14. The unicellular
Paramecium, for example, uses this mech-
anism to move through water freely. This
type of joint-free movement is associated
with one of the oldest movement mech-
anisms. It can be found in both uni- and
multicellular organisms (such as rotifers)
and in sperm cells, which swim towards
the egg cell using their flagella. To under-
stand the movement of cilia and flagella,
we need to observe their complex and min-
ute structure in cross-section, an aspect
that leads us too far away from our main
interest in this review. Simpler slide-lock
mechanisms we have investigated include
the piercing/sucking proboscises of bugs
and the ovipositors of parasitoid wasps.
These structures do not have any inherent
joints and function via remote control (i.e.,
by means of using muscles in the head or
abdomen). Ultimately, the basic working
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™14 (A) Scanning electron
micrograph of a Paramecium
The surface is densely cov-

ered with cilia. [B] Forward

and backward movement
Forward movement of a cilium. During the for-

ward movement, the entire

Cc shaft remains stiff. During
AN the backward movement,
\ it bends and becomes
Backward supple in certain areas.
movement

principles employed in these structures
are the same as those in cilia and flagella.
In such structures, two or several rod-
shaped elastic fibers are linked to each
other in longitudinal direction with the
help of a tongue-and-groove system.
These fibers can be moved in relation to
each other longitudinally. However, if lon-
gitudinal sliding is inhibited or even ful-
ly prevented by a mechanical block, the
result is—depending on the stiffness of
the materials—a relative bending of both
fibers. This is similar to the ideas behind
bimetals[15. Bimetals consist of two lay-
ers of different interconnected metals.
Changes in temperature, for example, can
lead to the bending of the bimetal strip.
The reason for bending is due to the fact
that the metals are temperature sensitive
and each of the metals reacts different-
ly to temperature changes. Bimetals are
therefore commonly used as thermome-
ters or temperature switches (e.g., to con-
trol the heat in water boilers).

715 Bimetal principle. A
metal strip consisting of two
layers of different metals
changes shape when exposed
to temperature changes
because the two metals

expand at different rates.



16 The principle of slide-

lock is used by insects to
perform bending movements
similar to the bimetal mech-
anism. [A) The assassin bug
Rhodnius prolixus sucking
blood from an anesthetized
rat. In this process, the nee-
dle-like extended proboscis

[frame] is extended forward.

(B) Individual image of a
video sequence showing the
Joint-free bending move-
ment of the maxillae, which
are connected along their
length with the help of a
tongue-and-groove system.
(C) The bending movements
needed for finding a suit-

able blood vessel [green

bent arrows] are generated
by the right (light] maxilla
moving relative to the left
[dark] maxilla in longitudinal
direction but are restrained
by the mechanical block.

In addition, the mechanical
resistance of the surround-
ing medium (red arrows] can

reinforce the deflection.

In insects, the slide-lock principle can be
found, for example, in the needle-like ex-
tended proboscises of bugs. Blood-suck-
ing assassin bugs native to South America
(Reduviidae, subfamily Triatominae) use
this movement principle when searching
for small blood vessels in tissue after they
have pierced the skin of the host (e.g., a
human being) with their proboscises M1e.
In these insects, the two maxillae are ex-
tended like needles and interlocked with
the help of a tongue-and-groove system.
When one of the maxillae is moved for-
ward longitudinally relative to the other, it
is subjected at one point to a mechanical
block that exists at the end of the tongue-
and-groove system. The maxillary bundle
moves in one or the other direction de-
pending on which of the two maxillae was
moved. In this context, the surrounding
medium also plays an important role as
the beveled tips of the maxillae are divert-
ed by it. Because of the asymmetrical forc-
es acting on the tip, the movement of the
maxillae relative to each other often also

leads to an offset resulting in the bending
of the entire bundle.

The same principle is employed in the ovi-
positors of parasitoid wasps [e.g., ichneu-
monid and chalcid wasps). These wasps
lay their eggs in or on other insects (usu-
ally during larval or egg stages), upon
which the hatched parasitoid larvae lat-
er feed. Because the hosts often live hid-
denin plant tissue, these wasps must first
find the host and then locate a suitable
place for depositing the eggs, either on
the surface of the host or inside it. This is
achieved through search movements of
the ovipositor17. In this case, up to four
elements can be involved, some of which
are independently movable (the valves or
valvulae), are connected with each oth-
er with the help of a tongue-and-groove
system. Depending on which of these el-
ements are shifted (against each other),
more diverse bending movements can
be achieved, compared to the above-de-
scribed proboscises of the blood-sucking
bugs.
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717 The pteromalid wasp,
Lariophagus distinguendus,
is a parasitoid of the larvae
of several beetle species
that live in cereal, caus-

ing damage. (A-B] A female
pteromalid wasp deposits

an egg on a larva of the corn

weevil Sitophilus granarius;

18 The complete structure
comprises several high-res-
olution computer tomog-
raphy images of the insect,
so that the interaction of all
elements involved in generat-
ing the movement becomes
visible (here, part of the ab-
domen of the ichneumonid

wasp Venturia canescens/.
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the joint-free movements of
the ovipositor can be clear-
ly seen. [C] Cross-section
through the ovipositor. The
upper valve [uv] comprises
two asymmetrically overlap-
ping halves, which are grown
together at the tip only. They

are joined to the two lower

valves (lv] via a tongue-and-
groove connection [tgc),
which makes it possible for
the lower units to slide along
each other. The lower valves

enclose the egg canal [ec).




[719 Breakdown of the CT
image of an ovipositor of the
ichneumonid wasp Venturia
canescens into the individu-
al structures involved in the
movement. These include the
parts of the exoskeleton that
have been relocated inside

and the muscles. The tip of

the ovipositor is not shown.

Muscles

Investigation of the
movement principles

In order to understand the movement prin-
ciples of the proboscises and ovipositors of
insects, we have generated three-dimen-
sional images of the structures involved.
Since most insects are minute, we em-
ployed extremely high-resolution imag-
ing techniques such as synchrotron com-
puter tomography (CT), which is an X-ray
technology that can reveal even very small
structures. Because of the high resolu-
tion, it is not possible to X-ray the whole
insectin one take. This means that several
high-resolution computer tomography im-
ages of different parts of the insect have
to be stitched together to form an image
of the entire structure "18.

On that basis we have produced three-di-
mensional models of the objects investi-
gated. The 3D images or the models can
also be taken apart to isolate the individ-
ual structures involved in the movement
[T19. This method has allowed us to in-
vestigate, amongst other things, the in-
dividual muscle strands responsible for
movement. Moreover, the models can be
used within simulations to increase our
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understanding of the mechanisms leading
to movement and to predict movements.
By using the number and diameter of the
individual muscle fibers it is also possi-
ble to estimate the strength of the mus-
cle packs. Studies of the points of attach-
ment of the muscles on the plates of the
insects’ exoskeleton (sometimes relocat-
ed to the inside] and on the structures to
be moved (such as the ovipositor], enable
the determination of the direction of the
muscle forces and hence the direction in
which the muscle pulls when it contracts.
Unfortunately, in spite of the extremely
high resolution of the synchrotron CT im-
ages, the imaging has its limitations. We
cannot detect the smallest details in the
3D data sets. Thus, for investigations of the
small-scale mechanisms in even greater
detail, for example, the connecting rabbet
(or groove) between the different parts of
the proboscis, we employed light- and elec-
tron-microscopical imagesl 204 in order to
build models from these structures and
to simulate the influence of these small-
scale mechanisms on the resulting move-
ment. In this way we can check whether
we have correctly interpreted the material
properties and the assumed tongue-and-
groove structures. Making assumptions
with respect to mechanical properties at
the microstructure level is a big and of-
ten (still) insurmountable challenge. One
possible way of gaining more insights into
the microstructural properties of the pro-
boscis is to use fluorescence microscopy
["208. This imaging method can be used to
identify softer and more rigid areas, and to
adopt them to build realistic computational
models (structuralinformation necessary).
With this information it is then possible to
produce highly detailed simulations of the
movement processes.
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20 Extension of the model
of the proboscis of the as-
sassin bug Dipetalogaster
maxima. The proboscis con-
sists of the two needle-like
extended and connected
maxillae (Im = left maxil-

la, rm = right maxilla] that

form the food channel [fc)

and the salivary channel (sc).

The maxillae connected with
each other via a tongue-
and-groove system are also
called the maxillary bundle
[mb]. Technical models are

continually being refined;

stiff

flexible

this is accomplished using
light-microscopy investi-
gations of cross-sections

[A] that show structures in
detail, and by means of fluo-
rescence microscopy images
[B] that can be used to as-

sess mechanical properties.
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No joint ailments: how plants
move and inspire technology

Anna Westermeier / Simon Poppinga / Axel Kérner / Larissa Born / Renate Sachse /
Saman Saffarian / Jan Knippers / Manfred Bischoff / Gétz T. Gresser / Thomas Speck

Plants have neither muscles nor “classic” local joints—and yet they can move. In the

course of evolution, efficient movement mechanisms and esthetic movement forms

have developed. Architects and engineers, in cooperation with biomechanists, are

benefiting from this botanical “offering” and drawing inspiration for the develop-

ment of new types of facade shading systems for modern buildings.

How do plants move?

In spite of the fact that most plants grow
roots in the true sense of the word and
therefore are tied to a particular location,
they nevertheless are able to perform an
astonishing range of movements. These
range from slow growth movements, for
example when a flower opens, through to
very fast movements, such as the almost
explosive release of seeds by the touch-
me-not plant (/Impatiens glandulifera)
21 or the snapping of the Venus flytrap
(Dionaea muscipula) M22. Such movements
are faster than can be perceived by the
human eye. These capabilities are all the

more surprising when we consider that
plants do not have muscles.

In common technical components, but
also in the human body, movements can
only be performed with the help of joint-
ed connections between more or less rigid
elements. Such joints suffer considerable
wear, because they are subject to strong
mechanical loads. Typical examples are
the troublesome knee joint or worn-out
door hinges. By contrast, plants do not
have this handicap. They do without local
joints and achieve mobility by deforming
elastically in the respective areas. For this




purpose, the mechanical properties of the
various areas, such as stiffness, are ad-
justed to the function needed. This causes
the stresses resulting from the movement
to be spread to the surrounding tissue. In
this way, it is possible to avoid peak stress-
es and to reduce mechanical wear to a
large extent.

Plant movements can be based on differ-
ent kinds of processes. They can be active,
in which case plants use energy to regu-
late the internal pressure of their cells—
the turgor—causing tissue to swell or to
shrink. But the movements can also take
place completely passively, in the form of
swelling or shrinking processes that gen-
erate movement when, without consuming
energy, water input or water removal takes
place (hygroscopically) in dead tissues. A
typical passive hygroscopic plant move-
ment can be observed in pine cones (Pinus
sp.), for example. In these, the scales of
the cone open up when itis dry so that the
dispersible seeds fall out and can be dis-

™21 Ripe fruit [seed cap-
sule/ and inflorescence of
the touch-me-not plant
(Impatiens glandulifera),
which distributes its seeds
widely by opening its fruits,
which are highly tensioned,

with an explosive burst.

22 The carnivorous Venus
flytrap (Dionaea muscipu-
la). When the trigger hairs
that can be seen on the in-
side of the lobes of the trap
are touched, the trap snaps

shut and catches its prey.

tributed by the wind. However, when the
weather is rainy and damp, the scales of
the cones close again, thereby preventing
release of the seeds, which are not car-
ried in the air when the weather is wet™23.
Given that water is shifted in the tissues in
both the active and passive types of move-
ment, the time taken for the movement is
determined by the thickness of the mov-
ing organs that the water has to penetrate.
But how do plants such as the touch-me-
not or Venus flytrap manage to perform
incredibly fast movements, which would
not be possible simply by shifting water
(hydraulics)?
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Faster than the human eye

In most cases, the acceleration trick works
on this basis: Using hydraulic and often
slow movements at a preceding stage,
plants build up and store elastic energy
in certain structures. As with a bow and
arrow, this energy can be released in an
instant. This type of movement acceler-
ation can be divided into two categories.
In the first category, the plant structures
involved are destroyed when the energy
is released. This movement is nonrecur-
ring and irreversible. The term common-
ly used is “explosion mechanisms.” This
movement can be clearly observed in the
fruits of the touch-me-not ["21 or, even
more spectacularly, in the fruits of the
sandbox tree (Hura crepitans). The dried
fruit of this tree breaks up into its individ-
ual segments with such power that, even
though the pieces still measure several
centimeters, they reach speeds of up to
70 meters per second and can therefore
be dangerous to humans.

In the second category, the energy is re-
leased by a change in shape of the re-
spective part of the plant. In this case
the structure is not destroyed, but a rap-
id, reversible change from one geomet-
ric state to another takes place. A special
instance of this is so-called “snap-buck-
ling,” in which shell-type structures snap
over from one state of curvature to an-
other. In architectural structures this pro-
cess is normally referred to as uncontrol-
lable stability failure. Snap-buckling can
be well observed when the Venus flytrap
snaps shut [M22. In the open, un-tripped
state, seen from the outside, both lobes
of the trap are curved outwards (concave).
As soon as the trigger hairs on the inside
of the trap are touched several times, this
curvature is rapidly reversed through a hy-
draulic process so that the lobes in the
closed state are curved inwards (convex).
The same snap-buckling mechanism can
be found in reflective slap bracelets and in
the popular children’s toy called the jump-
ing disc M24. By this mechanical “trick,”




the Venus flytrap closes within fractions
of a second, not giving its prey, such as
flies, any chance to escape. Then the prey
is digested within the closed trap, leav-
ing only the chitin of the fly’s exoskele-
ton, and the nutrients are absorbed via the
leaf surface. As a result, the trap grows
and thereby reopens, and is again ready
to catch prey.

["23 Many plant movements,
such as the opening and
closing of the seed scales of
pine cones (genus Pinus),
are driven by the drying out

and swelling of the tissue.

24 A similar mechanism

to that used by the Venus
flytrap can be found in
Jumping disc toys. When
the disc is inverted, it can
trigger at any moment and
Jump away, owing to the
release of energy stored

by way of pre-tensioning.
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[25 The waterwheel plant
[Aldrovanda vesiculosa/ is
a small carnivorous plant
that grows underwater. An
individual whorl with eight
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snap traps can be seen at
the top. At the bottom is
a shoot of the entire plant
with many such whorls.

Scale bar line: T cm.



Source of ideas: waterwheel plant

The carnivorous waterwheel plant [Aldro-
vanda vesiculosal is the little sister of the
Venus flytrap and lives underwater. Both
derive from a shared ancestor, whose
identity is unknown (to date no fossils have
been found). The waterwheel plant lives
in still waters that are poor in nutrients,
but it has died out in many of its natural
locations because the habitats have been
destroyed by human activity. The traps are
four to 7 millimeters long and arranged
like the spokes of a wheel around the cen-
tral stem, hence the name “waterwheel”
["25. The traps function like those of the
Venus flytrap, although the curvature of
their lobes does not change when they
snap shutl™26. The two lobes are connect-
ed by a midrib, which is straight when the
plantis ready to trap its prey. However, as
soon as the trigger hairs on the inside of

the trap are touched, the midrib will bend,
probably because cells along the midrib
actively reduce their internal pressure.
This causes the lobes to snap shut within
a few milliseconds. By this motion prin-
ciple the waterwheel catches small prey
such as crustaceans, which are then di-
gested within the closed traps. Given that
even a minimal curvature of the midrib is
sufficient to generate a comparatively big
movement of the lobes, this phenomenon
is called kinematic amplification, which
means amplification of movement.

["26 A snap trap of the wa-
terwheel in open and closed
state. At the top, the trap

is seen from the side (on

the left open, on the right
closed). At the bottom, the
view is from the front. The
midrib connecting both lobes
of the trap is straight when
in the open state. When it

bends, the trap snaps shut.
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27 Demonstrator of the
biomimetic facade shading
device that was inspired by
the waterwheel and, because
of the flexible folds that are
important for its movement,
was named Flectofold. The
demonstrator exhibited here
illustrates the function of
the Flectofold, including how
even curved facades can

be shaded by the device.

Technical implementation

These joint-free movements that are not
activated by muscles have been the source
of many ideas for engineers and architects
developing new kinds of movable technical
structures. In particular, the fascinating
trapping movement of the carnivorous wa-
terwheel has inspired architects, with the
help of biologists, structural engineers,
and material scientists, to develop a new
kind of facade shading device, the Flecto-
fold [M27.
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From the plant to the computer model

In order to transfer plant movements,
such as those of the waterwheel, to ar-
chitectural applications, the first step is to
identify and characterize those properties
of the snap trap that enable this move-
ment. Then they have to be abstracted in
such a way that a similar movement can be
generated with technical materials (such
as fiber-reinforced plastics). For this pro-
cess, the plant movement is first simulat-
ed as a geometric computer model. In this
way it is possible to analyze the mechan-
ical properties underlying the movement
and vary them as needed. In the case of the
waterwheel, looking at the snap trap of the
plantitself, one can see that the transition
between the lobe and the midrib is shaped
like a curved line. This connection can be
abstracted using curved fold lines. Such




curved fold lines (or curved-line foldings)
are similar to the folding used in origami
[28. This method has long been known in
both product design and architecture, al-
though it has mostly been applied to rigid
objects. How this method for moving el-
ements can be used has as yet not been
widely researched.

In one such abstracted geometrical mod-
el, the snap trap was transferred to a flat
element in which two shading flaps are
connected with a lens-shaped midrib via
curved fold lines. The radius of these fold
lines can now be varied, and a kinematic
model can be used to determine the influ-
ence of the radius on the movement. This
kinematic model is used to investigate
how the movement takes place when var-
ious parameters are changed. However,
this type of model can only be used to ex-
plore geometric parameters. The required
forces or the stresses created in the ele-
ments cannot be investigated. When the
midrib is bent into a curved shape, the
two adjoining lobes fold along this curve.
The analyses show that, with a larger ra-
dius, that is to say, with less curvature in
the fold lines, significantly less bending is
needed to generate a closing movement;
in other words, the geometric amplifica-
tion is greater.

28 Kinematic curved-line
folding model, which provides
important information when <
the movement process of ™
the biological example, the
waterwheel plant, is trans-
ferred to the bio-inspired

technical Flectofold solution

After that, the movements and also the
required forces and stresses can be in-
vestigated in greater detail—not in reality,
but using a kinetic model on the computer
[T29. In this simulation, which is referred
to as a nonlinear finite element analysis,
real material properties are assigned to
the model. This makes it possible to com-
pare how the variations generated affect
the actuation energy required for execut-
ing the movement, and how they affect the
stresses in the building components. In
the case of the Flectofold computer model
that was inspired by the waterwheel, cer-
tain material properties and thicknesses
are assigned to the different areas, using
glass fiber reinforced plastic, for example.
Furthermore, the fold line, which, in the
geometric and kinematic models, was a
simple line, is in some zones modelled as
hinge zone with a certain width. This mod-
elisimportantin order to understand what
material properties and thicknesses have
to be retained in those specific zones in or-
der to ensure that the movement principle
functions. It is also possible to investigate
how the radius and width of the folding
zone affect the required energy and the
stresses in the different zones. It is also
important to find out how the elements
behave when external forces act on them.




For example, shading systems must be
able to withstand strong and gusty winds.
As an important result of the investiga-
tions and calculations, we can state that,
with a larger radius of the curved fold
lines, reduced bending of the midrib needs
to be generated, but more force is needed
to close the louver flaps. A smaller radi-
us also results in better performance with
respect to external loads (wind or snow)
because the more pronounced curvature
in the surfaces has a positive effect on the
loadbearing performance.

The next step is from the computer back
to reality. All information gained to date
on the required material properties, the
movement process, and the mechani-
cal behavior is now used to transfer the
computer-based model to real, built pro-
totypes.

How to build a prototype?

How does one integrate flexible areas that
play a critical role in plant movements into
a technical component, for example for a
facade shading device? An example of a
joint that allows movement of its two con-
necting parts solely through changes in
the geometry of the material, which is the
same in both parts, is the hinge joint of a
lunchbox lid. Here, flexibility is achieved
through a difference in the thickness of
the material in the area of the joint. By
contrast, plants resolve the challenge of
a hinged structure through their material
properties rather than through extreme
differences in thickness, which constitute
a weak mechanical point (as evidenced by
the typical failure of lunchbox lids’ joints).
The inner structure of a waterwheel (and
of plants in general) resembles that of a
fiber-reinforced composite. Stiff fibers are
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Actuation pressure:
1.79 kN/m?

embedded in an elastic matrix in a certain
direction, and depending on the orienta-
tion and density of the fibers, it is easier
or more difficult to deform the tissue when
force is applied.

Fiber-reinforced compound materials are
used in many technical areas. For exam-
ple, wind turbine blades consist of glass
fibers that are bonded with a plastic ma-
trix. Of course, these are very thick-walled
components, which therefore are extreme-
ly rigid. In addition, the fiber orientation in
the component plays an important role.
In the case of rigid components that can
withstand strong forces, the high-perfor-
mance fibers are oriented along the main
force vector in the component. This means
that the fibers are always exposed to ten-
sion, and the componentis very strong and
rigid. If the high-performance fibers (for
instance, carbon or glass fibers) are em-
bedded in a plastic matrix and the com-
ponent is exposed to forces that apply not
along but across the direction of the fib-
ers, then the occurring tensile forces have
to be resisted by the matrix only, that is to
say, the plastic. However, as this is usu-
ally significantly less strong than the fib-
er, cracks in the component are likely to
occur.

In contrast to a rigid wind turbine blade,
the facade shading device inspired by the
waterwheel plant—the Flectofold—is in-



Actuation pressure:
2.89 kN/m?

tended to be flexible in specific defined
areas (such as at the transition from the
midrib to the flaps). This characteristic en-
ables the folding mechanism of the shad-
ing device "30. Given that the component
is relatively thin throughout, it already has
a certain “basic flexibility.” In addition, the
fibers in the particularly flexible area of
the component are oriented so that they
are exposed to compression rather than
tension. They are placed at a 45-degree
angle to the line along which the Flecto-
fold is folded. By orienting the fibers di-

730 Bending zone of the
Flectofold, which, like

an extended hinge, fa-
cilitates the movements
of the laterally placed
flaps. It is even thinner
than the laterally placed
flaps and very flexible
due to the special ar-

rangement of the fibers.

Actuation pressure:
4.09 kN/m?

[729 Kinetic model of the

Flectofold, which is used for
studies on geometric varia-
tions and for simulating the
distribution of stresses dur-

ing the movement process.

versely in the various areas of the compo-
nent, three areas with different rigidities
are created. The flaps of the Flectofold are
the most rigid parts. This prevents them
from deforming when exposed to wind and
snow loads. The lens-shaped midrib is of
medium rigidity, so that it can be bent in
order to initiate the movement of the flaps.
The bending zones that connect the midrib
and the flaps have the least rigidity, and
are in fact very elastic and easily deform-
able. Depending on the degree of curva-
ture, it is thus possible to generate the
required degree of shading in a continu-
ous motion. Another advantage is this: be-
cause the individual Flectofold elements
can be arranged independently, it is pos-
sible to provide shading to buildings with
an unusual geometry where conventional
blinds would not work.

The Flectofold combines the efficient,
joint-free movement and the esthetics of
the plant that has inspired its design, the
waterwheel. Taking into account the enor-
mous variety of shapes and movements
in flora and fauna, we can look forward to
seeing how much technology will be in-
spired by and benefit from this incredible
richness.
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From pure research to bio-
mimetic products: the Flectofold
facade shading device

Saman Saffarian / Larissa Born / Axel Kérner / Anja Mader / Anna S. Westermeier /
Simon Poppinga / Markus Milwich / Gétz T. Gresser / Thomas Speck and Jan Knippers

Biology can provide exciting ideas for the development or improvement of technical
products. As a rule, the underlying principles are first investigated using a feasi-
bility demonstrator, which does not represent a finished technical product but nev-
ertheless, on the whole, is intended to “function” like the finished product. How-
ever, there is a long way to go from this first prototype to a product that is ready
to use or to a convincing building method. In this process, numerous ideas that at
first seem interesting and promising have to be abandoned. Many aspects must be
investigated in parallel, and plausible solutions need to be found, not only in terms
of reliable and durable functionality, but also in terms of commercial viability and
resource-efficient manufacture. In addition, it is important that an innovative prod-
uct is accepted in the market. In the case of architecture, this means—above all—

that the product is esthetically appealing, because without that aspect, there will

not be much interest even if the product functions well.

For the elastic Flectofold facade shading
device, initial prototypes could be built
and tested relatively quickly. It turned out
that even complex movement processes
of very small plant structures—such as
the snap traps of the carnivorous water-
wheel plant (Aldrovanda vesiculosal that
served as example for the Flectofold—can
be transferred (“scaled-up”) to large-scale
fiber-reinforced composite elements.
The abstraction of the kinetic principle
(curved-line folding) of Aldrovanda vesic-
ulosa and its parameterization and simu-
lation has been described in the chapter
titled, “No joint ailments: how plants move
and inspire technology.”
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However, these first fully functional pro-
totypes also highlighted the challenges
of the continuing development. On the
one hand, the fiber-reinforced composite
structure must be rigid enough to with-
stand impacting loads, in particular wind
loads, but it must also be flexible enough
to be actuated by small forces. From this
perspective, mechanisms with embedded
(integrated) joint zones are preferable to
those with homogeneous rigidity. By incor-
porating flexible regions (the joint zones)
as well as stiffer regions (the flaps) that
can resist the wind it is possible to manu-
facture folding structures that can be ac-
tuated by low forces.



Material composition and production of the laminate

The integrated joint zone presents spe-
cial challenges for the development of the
material. In particular, there is the need
to be able to perform numerous bending
cycles without damage (in order to avoid
material fatigue). Conflicting require-
ments have to be dealt with in relation to
the overall structure as well as the joint
zone: although a wide joint zone reduces
material stress that could lead to damage,
it also results in geometric instability in
the movement when the ratio of rigidity
to width is below a certain value.

Initially, smaller Flectofolds with a mid-
dle rib measuring 420 millimeters in
length between the two lateral flaps and
a 520-millimeter lateral span were pro-
duced using a vacuum infusion process.
The Flectofold laminate consisted of glass
fiber mats, epoxy resin, and a PVC cover
film M31A.

However, the material composition used
for the laminate production in these first

prototypes[~31a proved to be unsuitable for
larger Flectofolds. The weight of the wings
increased in proportion to their size, which
meant that the material in the joint zone
had to be reinforced in order to ensure ad-
equate structural capacity. Owing to the
increase in the thickness of the material,
the rigidity of the laminate increased dis-
proportionately in the joint area, which led
to material failure. Based on a large num-
ber of fatigue tests using small material
samples in which both the orientation and
the arrangement of the glass fiber mats,
as well as the functionality of layers of oth-
er materials, was investigated, the second
generation of larger Flectofolds was pro-
duced. These had an 850-millimeter-long
middle rib and a lateral span width of 720
millimeters. They consist of pre-impreg-
nated glass fiber mats (prepregs) and an
elastomer film 318, which were laminat-
ed at higher temperatures.

[731 Laminate structure width 420/520 mm)] (A] and
of the Flectofold pro- hot-laminate process (length/
duced in a vacuum in- width 850/720 mm] (B).
fusion process (length/
Reference axis
A B AN Fiber orientation (0°)
Reference axis PVC film [ AN

Fiber orientation (0°)  «,
—b\.\‘ -
N Glass fiber
Reinforced flaps ‘~\‘ fabric 0/90°
R \
Joint zone : 3
Glass fiber
fabric +45°
Reinforced 7
middle rib Glass fiber
fabric 0/90°
]pvc film

Laminate structure of Flectofold 420/520 mm

Elastomer film [

Epoxy resin-impreg- =
nated prepreg +45° [

Reinforced flaps

Epoxy resin- Joint zone
impregnated
prepreg 0/90°

Reinforced

middle rib

PVC film [

Laminate structure of Flectofold 850/720 mm
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32 Different material layers
of the laminate are stacked
on a flat metal plate. [A] Lay-
ing the flexible 45° middle
layer of epoxy resin-impreg-

nated glass fiber prepreg,

(B] laying the stiffening 90°
layers of epoxy resin-impreg-
nated glass fiber prepreg,

(C] epoxy resin-impregnated
glass fiber prepreg without

protective film, (D] laying the

PVC covering film, (E] placing
the metal inlays for the joint
zones, (F] placing the metal
templates to compensate for
the difference in thickness of

the wings and the middle rib.

As shown in 731, the different layers are
stacked on a flat metal mold—a simple
steel plate—and are then laminated to-
gether in a hot press 32, 33. The folding
lines, which act as joint zones, are pro-
duced directly by using metalinlays during
the pressing process. Apart from the fin-
ishing of the final contour, no subsequent
processing is required. Owing to the short
cycle time of the hot-press process, this is
also suitable for cost-efficient serial pro-
duction of larger numbers of Flectofolds.

The Flectofolds produced in this way were
tested in test rigs with up to two 2,000 load
cycles in order to investigate the wear
when exposed to long-term use [M34. In
addition, the demonstrators were tested
for their combustibility (building stand-
ard), which is important for the approval
of the product for use in buildings.

733 Process of hot-laminat-

ing the layers of materials
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734 Flectofold test rig and

performance test for wear.

Adaptability of the geometry and design methods

An important aspect for the technical ap-
plication of the Flectofold is the develop-
ment of design methods that cover ge-
ometric adaptability and applicability to
irregularly shaped freeform facades. As
part of this process, the Flectofold mech-
anism was tested for its suitability for syn-
clastic or anticlastic surface geometry. In
a first step, an algorithm was developed
that subdivides a given building surface

with double curvature into many small-
er polygons of a similar size. In a second
step, the division has to be adapted such
that the Flectofold modules fold in the
right direction [i.e., the folding direction
is defined by a certain anticlastic curva-
ture). Then the anticlastic, four-sided flat
elements can be transferred to the Flecto-
fold geometry with the curved folds I"3s.
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Square-based
surface grid

Curved-line folding
geomtry

Adaptation to synclastic
curvature

735 Checking the adaptabil-
ity of the Flectofold mod-

Control and actuation

For the large demonstrator in the Rosen-
stein Museum that shows the adapt-
ability of the facade shading device to a
curved surface, a 6-meter-by-6-meter
anticlastic curved surface was covered
with 36 Flectofold modules with a dimen-
sion of 1,100 millimeters (length of mid-
dle rib)/1,220 millimeters (lateral span
width) [M37-39. Every Flectofold module
has an air cushion behind the middle rib
that acts as a pneumatic actuator which,
under pressure (0.04 to 0.06 bar; com-
pare the pressure in a bicycle tire of ap-
proximately 3.5 bar], elastically bends the
stiffer middle rib and thereby initiates the
folding movement.

In order to check the elastic bending of
the middle ribs exactly and individually,
a precise pneumatic control system ["36
was developed that makes it possible to
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ules to complex geometries

with a double curvature.

carry out a dynamic pressure adjustment
without time delay. For this purpose, pro-
portional pressure control valves were
used that can transform an input voltage
signal in the range of 0 to 10 volts to an
output pressure of 0 to 2 bar. The voltage
is controlled via a custom-designed cir-
cuit board on which the 36 digital poten-
tiometers are fitted. Each Flectofold is
connected with one potentiometer, which
transmits an adjustable voltage signal to
the associated precisely calibrated pres-
sure valve. A microcontroller was used
to communicate with the main control
software, and input data were sent to
the individual potentiometers via a digi-
tal communication protocol. The wireless,
web-based communication with the con-
trol software was enabled with the help of
another microcontroller. At the exhibition
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inthe museum, a continuous flow of com-
pressed air was provided by a compressor
installed about 50 meters away from the
large demonstrator and the control unit.
Locating the compressor away from the
actuators eliminated undesirable com-
pressor noise in the exhibition hall. In or-
der to ensure that the storage capacity for
compressed air was adequate and capa-
ble of maintaining constant pressure lev-
els, as well as preventing sudden drops in
the supply of compressed air when several
components were used at the same time,
three interconnected compressed air con-
tainers were installed close to the demon-
stration area.

With this system it was possible to achieve
accurate calibration of the actuation pres-
sure for each individual Flectofold module.
The resulting movements of the Flecto-

Embedded program

36 Control and actuation
system for the Flectofold
modules with web-based
user interface [AJ. Function
diagram of the hardware and

software configuration (B).

SPI
protocol

Digital potentiometers

Proportional
pressure control
valves

folds were compared with the input pres-
sure by the program, which made it pos-
sible to define the pressure at which the
individual Flectofold modules are com-
pletely closed.

The demonstrator in the Rosenstein Mu-
seum was designed for active web-based
control by users, which meant that individ-
ual Flectofold modules could be actuated
via mobile devices such as smartphones
or tablets. However, in principle it is also
possible, without any problems, to link the
movement to sensor data such as light,
noise, movement, and so on.
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ttgd Controlled air pressure






737 Frontal view of a

large Flectofold demonstra-
tor for the special exhibition
Baubionik—Biologie
befligelt Architektur at
the Schloss Rosenstein

Natural History Museum

38 Rear view of the large

Flectofold demonstrator

739 Front view of the large

Flectofold demonstrator
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Summary

Large demonstrators, such as the Flecto-
fold with 36 modules in the Rosenstein
Museum, represent an important inter-
mediary step between pure research and
building practice. Beyond the pure re-
search into the materials, the construction
of such a demonstrator required an exem-
plary resolution of all aspects of construc-
tion and control technology. The demon-
strator also serves to indicate where there
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is further need for research and develop-
ment. And it illustrates the architectural
potential of this novel technology, mak-
ing an important contribution to the pub-
lic communication of pure research. The
objective is to create building shading de-
vices that can adapt to changing environ-
mental conditions but are also robust and
economically viable.



[T 40 Visualization of a
possible application sce-
nario of the Flectofold for
shading free-form archi-
tecture in a hot and arid
climate zone, where such
a system is most useful.
(A) exterior

(B) detail

(C] interior
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LIGHTWEIGHT VERSATILITY:
STRUCTURE INSTEAD OF MASS

Jan Knippers / Thomas Speck

We build our houses out of masonry, con-
crete, and steel. We use these materials
because their properties are easy to char-
acterize and we can rely on our structural
calculations for them. When it comes to
timber, these calculations become more
complicated for engineers. Its strength in
the direction of the fibers is quite differ-
ent from that across the fibers and, more-
over, depends on the moisture content.
These complicated mechanical properties
are one of the main reasons why timber
still plays a less important role in mod-
ern construction even though, indisputa-
bly, its use is ecologically advantageous.
The ability to easily and reliably calculate
and predict the structural properties of
building materials is key to their develop-
ment and application. This is the reason
we prefer building materials with as uni-
form a structure as possible, and hence
easily describable properties.

In nature, these criteria are completely ir-
relevant. In the course of evolution, ma-
terials and structures have developed in
which the orientation, layering, and pack-
ing density of fibers, the grading of cavities
or the placement of intermediate layers
is hugely varied and occurs in the small-
est of spaces. A hierarchical structure
across several orders of magnitude, from
the level of the organism down to the level
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of molecules, is typical. Every structur-
al element consists of smaller elements
that are built up of similar basic compo-
nents. These elements not only determine
the mechanical properties of the structure
but also transport nutrients and water, act
as catalysts for chemical reactions, detect
signaling substances, and are able to car-
ry out a wide range of “self-X functions,”
such as self-organization, self-adaption,
self-healing, and self-cleaning. This re-
sults in highly complex material systems
and structures that are adapted to ful-
fill a wide range of requirements due to
their finely tuned chemical and physical
properties. On the one hand, the shell of
the coconut has to ensure that the fruit
is not destroyed when it falls from the
tree. On the other hand, it has to survive
many months of drifting in seawater with-
out damage and, once washed up on the
beach, allow for germination p. 60. Our na-
tive plants have to endure not only winter
storms but also intermittent frost periods
and, increasingly, longer dry periods p. 74.
The exoskeleton of the sea urchin has to
fend off predators and be able to withstand
mechanical impacts in the reef p. 54.

Comparable construction principles are
hardly known in architecture and con-
struction technology. Until very recently,
we did not have the calculation methods



or the production facilities to enable us to
implement the main characteristics of nat-
ural constructions in the technical realm
(i.e., the small-scale adaptation of mate-
rial properties and the geometric differen-
tiation of building components at varying
orders of magnitude). This has changed
fundamentally in recent years due to the
introduction of computer-based produc-
tion methods. For example, research is be-
ing carried out all over the world to find out
how 3D printing, which was originally de-
veloped for model building, can be utilized
at a large scale for building construction.
These considerations focus on concrete,
which is applied in layers using comput-
er-controlled nozzles. In this process, it
is possible to finely control the composi-
tion of the different materials that make up
the building components. Sand and grad-
ed stone ensure strength, whereas hollow
clay or glass spheresincrease thermalin-
sulation and reduce weight p. 84. Adding
these components in layers using sever-
al nozzles makes it possible to carry out
very specific and small-scale adaptations
of the properties of the concrete similar
to those occurring in biology—in bones or
other mineral structures, for example sea
urchin spines.

But how can we transfer other proper-
ties of natural structures to technology,

such as the impact damping of coconut
shells and tree bark or the resistance to
intermittent frost periods of many native
plants? The investigation of biological con-
cept generators can provide valuable in-
sights and stimulate the development of
effective new materials that fulfill several,
sometimes contradictory, requirements at
the same time, thereby following the ba-
sic principle of all biological constructions:
the careful use of resources. This could
prompt us to modify Darwin’s well-known
adage “survival of the fittest” into “sur-
vival of the cheapest.” It is obvious that it
is a huge evolutionary advantage for living
organisms if they can form effective com-
pound materials and structures with the
minimum input of metabolic energy and
material resources.
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Reliably withstanding high loads

Stefanie Schmier / Georg Bold / Gerald Buck / Katharina Klang / Christoph Lauer /
Nicu Toader / Oliver Gericke / Walter Haase / Immanuel Schéfer / Siegfried Schmauder /
Werner Sobek / Klaus G. Nickel / Thomas Speck

When forces—for example tensile or compressive forces—act on an object, the re-

sult is a mechanical load. These forces can be either constant (static), alternating,

or jerky [dynamic). Such forces act on buildings as well as on animals and plants on

a daily basis. Architects and material scientists can learn from animals and plants,

and transfer concepts that have proved successful in the course of evolution to

buildings or parts of buildings. This is of particular interest in situations with im-

pact from extreme forces. For example, one of these tried-and-tested strategies

of nature is to sacrifice part of the whole when a load becomes too much, in order

to ensure survival. To date, this is virtually unknown in architecture.

Examples from nature

Sea urchin—controlled failure

Sea urchins must surely be considered one
of the most successful groups of animals
in the history of evolution. They have been
living on this planet for more than 500 mil-
lion years and today can be found in near-
ly all marine habitats, whether tropical or
Arctic, in shallow or deep waters. In our
latitudes, people’s most common experi-
ence of sea urchins is the pain sustained
from contact with the pointed spines. The
thin spines of the animal penetrate the
foot without any difficulty and break off in
the process. Given their brittleness, they
are very difficult to remove and, further-
more, they can even contain poison. But
sea urchins are much more than a nui-
sance on the beach. When looked at more
closely, they are a miracle of nature and
serve as a source of inspiration for bionic
applications.
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At first, when looking at the creature,
we notice its esthetic, highly symmet-
rical pentagonal structure ["41. After a
closer inspection, the animals reveal
some astonishing capabilities. They have
self-sharpening teeth, they can use their
suction pads to find a hold on slippery
ground underwater, and their spines are
true all-purpose tools, used for moving
about as well as for getting a firm hold on
reefs and in rock crevices, and of course
for defending against enemies, such as
predator fish or people.

However, not all sea urchins feature thin
and brittle spines. The imperial sea urchin
(Phyllacanthus imperialis) and the slate
pencil urchin (Heterocentrotus mammilla-
tus) have finger-thick spines that are up to
10 centimeters long and offer great me-
chanical stability M42. In order to ensure
that the animals are not squashed by the
weight of their own spines and can move



easily in water, the spines are highly po-
rous. The pores within their construction
material, which is magnesium calcite (a
carbonate mineral with an MgCO, compo-
nent varying between 2 and 15 mol%], are
minute and can only be detected under a
microscope. This creates a network of cav-
ities in the spines.

Lightweight construction with great sta-
bility is the objective of many engineers,
and it seems to have been achieved opti-
mally by these two species of sea urchins.
However, an engineer would never use this
substance to design a construction materi-
al because, owing to its crystalline struc-
ture and good fissility, calcite breaks eas-
ily and, furthermore, is not very hard. One
would suspect, therefore, that the spine is
brittle and crumbles easily when impacted
by even very small forces. Paradoxically,
though, the opposite is the case. In spite
of their lightweight construction, the sea
urchin spines considered here prove to be
strong and extremely tough; a lot of energy
is required to break them. These proper-
ties are vital for the animals’ survival, be-
cause the strength of the spines protects
them against predators.

["41 Skeleton of a reqular
sea urchin. The form of the
skeleton is rounded and

flattened and clearly shows

the pentagonal symmetry.

["42 The slate pencil urchin
[Heterocentrotus mammil-
latus, top/ and the imperial
sea urchin (Phyllacanthus
imperialis, bottom] have
strong spines measuring

up to 10 cm in length.
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Phyllacanthus imperialis

Heterocentrotus mammillatus

Macrostructure [mm scale)

44 In the longitudinal
section [on the right] the
structure of the spine of the
slate pencil urchin can be
seen. The red growth layers
are stacked into each other
like a Russian doll (left]. The
porous structure of the spine
and the denser growth layers
can easily be observed in the
cross-section [far right). Fur-
thermore, one can see that

the porosity increases to-

wards the center of the spine.

Even though the spines of the slate pen-
cil urchin and the imperial sea urchin be-
have differently under compression, nei-
ther break up completely after the first
crack occurs. Instead, small fragments
keep breaking off from the upper spine
segments, whereas the lower part of the
spine remains undamaged for a long time
and can therefore continue to support
loads. This behavior is not typical of brit-
tle materials: imagine a cup that emerges
largely undamaged from the impact of hit-
ting the floor.

The secret of this mechanical reaction lies
in the hierarchical structure of the spines
[T43. A hierarchical structure is a struc-
ture that extends across several orders of
magnitude and has special configurations

56

Microstructure (um scale]

[T43 Selected hierarchy
levels of the sea urchin

spines investigated.

at each level, from the molecule to the en-
tire entity, which contributes to outstand-
ing mechanical properties. Such a makeup
is typical for natural structures, whether
these are sea urchin spines, human bones,
or coconut shells.

Slate pencil urchin spines are built using
the same schematic pattern as a Russian
doll, with the red growth layers symbol-
ized by the dolls that fit into each other
["44. These solid layers help to disperse
forces. This means that the spine segment
breaks off in steps from one growth layer
to the next.

By contrast, the spines of the imperial sea
urchin have a tube-like structure, which
becomes increasingly less porous from
the inside to the outside ["45. When com-

Nanostructure [nm scale]
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745 The tube-like struc-
ture can easily be detected
in the longitudinal section
(left] and in the cross-section
of the spine of the imperi-
al sea urchin. The porous
architecture of the spines

pressed, the dense outer layer breaks first can be seen in the enlarged

and the foam-Llike inner layer serves as a detail at the bottom right.

buffer, just like the crumple zone of a car.

At the microscopic level too, the two types

of spine have mechanisms that inhibit the

propagation of cracks and thereby mostly

prevent any direct failure.

In this way, in spite of the many weakness-

es of the basic material, calcite, the spines

of the slate pencil urchin and imperial sea

urchin succeed in building a mechanically

astonishingly strong structure, from which

man can learn a lot for architectural build-

ing components.
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[T46 Giant redwood tree
in the Sequoia National
Forest, California (USA)

Tree bark as shock absorber

The outer layer of trees, the bark, in which
we include cortex (phloem) for our purpos-
es here, fulfills many tasks: transport of
metabolic products and protection against
desiccation, against high temperatures in
the case of forest fires, against insect at-
tack and germs, as well as against me-
chanical damage. This means that the
bark, as a barrier to the outside, is the
most important protective layer of a tree.
Good protection is needed, above all, for
the cambium. The cambium is the growth
zone of the tree, a paper-thin seam of just
a few layers of cells directly between the
bark (phloem) and the wood. It ensures
that the tree can form wood on the inside
and that the bark on the outside is con-
tinually renewed. If the cambium is too
badly damaged, the whole tree will die.
Heavy damage to the bark can be caused
by abrasion (a kind of mechanical impact),
for example when the stems of two trees
rub against each other during a storm, or
when large fragments of rock hit the stem
during a rockfall or mudslide. Depending
on their native habitat and the protective
functions developed there in the course of

[T47 A piece of the bark

of a giant redwood tree re-

moved by sawing. The thick,
fibrous bark consists of

several interwoven layers.

evolution, trees often have distinctly dif-
ferent barks, for example with respect to
their thickness or structure. The bark of a
tree that is native to an area not subject to
regular forest fires does not have to pro-
tect the cambium against high tempera-
tures, while the bark of a tree growing in a
flat landscape does not have to protect the
cambium against rockfalls, such as those
that occur in mountainous areas.

Therefore, if we want to find out how
the bark of trees protects the cambium
against the impact of rock fragments,
we are well advised to look at the bark of
trees growing in mountainous regions with
regular rockfall events, such as the Sierra
Nevada of California (USAJ. That region is
home to the giant redwood tree (Sequoia-
dendron giganteum) I"46. However, quite a
few of these trees can also be admired in
Baden-Wirttemberg, for example, where
they have been popular in public parks
since the middle of the 19th century. Giant
redwood trees can reach an age of more
than 3,000 thousand years, and grow to a
height of almost 100 meters. Once they
reach that stage, their trunk is a consid-
erable size, particularly near the ground
(the trunk diameter can be up to 17 me-
ters], and their bark can become almost a
meter thick in the lower area of the trunk.
Quite a long while ago, researchers found
out that the bark of the giant redwood tree
offers excellent protection for the cam-
bium against high temperatures that oc-
cur during the frequent forest fires in the
Sierra Nevada. It is equally as effective
as a shock absorber, protecting the tree
against the impact of rock fragments.
There are three main reasons for this. For
one, the bark of the giant redwood tree
impresses with its sheer thickness [ 47.
Where there is a lot of (bark) material, it
is easier to dampen any impact. But the
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48 Coconut palms
(Cocos nucifera in the
Dominican Republic. The
fruits grow high up in the

crown of the palm tree.

outstanding mechanical protection func-
tion is the result of the combination with
other two properties.

The bark of the giant redwood tree is very
rich in fibers. Long, strong fibers perme-
ate the bark along the trunk. This can be
seenvery clearly in pieces of the bark that
have been shed. In contrast to many other
types of tree, where the bark comes off in
small pieces or falls off in thin fragments,
the long fibers of the giant redwood tree
ensure that its bark becomes detached in
long pieces with frayed ends. These fibers
of the bark can divert impact and distrib-
ute the load of it to a larger volume of bark,
so that the impact does not directly pen-
etrate through to the sensitive cambium.
The third reason for the outstanding im-
pact protection lies in the loose and yet
well-interwoven layering of the bark. In-
terwoven layers of denser and less dense
plies of bark fibers ensure that impact is
even better distributed to adjoining bark
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49 Coconut as we know it

from the supermarket. The
two outer layers of the peri-
carp (exocarp and meso-
carp] have been removed.
The three germination pores,
where the seedling can
grow out of the fruit, can

be seen in the endocarp.

volumes than would be possible without
this layering.

In summary, these three properties have
the effect that, even though the bark of
the giant redwood tree will yield consid-
erably to any impact, it distributes the en-
ergy of any such impact to a large volume
of bark. This means the impact cannot re-
ally seriously damage the cambium itself.
These properties suggest that researchers
and engineers can learn from the struc-
ture of giant redwood tree bark. With this
knowledge, it may be possible to develop
buildings and building components that
are better protected against impact, such
as that caused by rockfall or accidents in-
volving trucks or derailed trains.



750 Coconut cut in half,
showing the fruit before
the two outer layers have
been removed. The seed
is protected by the three

layers of the pericarp.

Shock absorption in coconuts

In nature, the fruit fulfils an important
function because it is the means by which
the seeds of the plant are dispersed. Un-
der favorable environmental conditions
and following successful dispersal, seeds
can grow into seedlings and from there
into a new generation of plants. To en-
sure that the seeds remain undamaged
until germination, many types of fruit form
protective layers. These shield the seeds
against externalinfluences, such as those
from UVirradiation, germs, heat, dryness,
or mechanical damage.

The fruit of the coconut palm (Cocos nucif-
era) is actually a drupe and not a nut, de-
spite the colloquial term “coconut.” The
reason for this is that its pericarp consists
of three layers and only the innermost lay-
er is lignified "s0. In the case of a nut, all
layers would be fused and lignified, such
asis the case in hazelnuts (Corylus avella-
na). The outermost layer of the coconut is

751 Scanning electron
microscopy image showing
details of the coconut en-
docarp; the thicker walls
of the sclereids are easy to

see. The cells themselves

are dead. The struc-
tures that look like small
dots (marked by three
arrows] are the connec-
tions between the cells.
Scale bar: 0.02 mm.

the leathery exocarp, which is followed by
the fibrous mesocarp and the innermost
layer, the hard and tough endocarp. These
three layers surround the seed on the in-
side. For the purpose of export, the two
outer layers of the pericarp, the exocarp
and mesocarp, are removed. The seed with
the coconut meat and coconut milk, which
contain the actual nutrients for the seed-
ling, is then surrounded only by the ligni-
fied endocarp. This is why coconuts in the
supermarket look different from those still
hanging on the palm I"48-50.

The tropical coconut palm grows on river-
banks and in coastal regions. The coconuts
hang in the crown of the palm and, when
ripe, fall to the ground or into the water
from a height of up to 30 meters. The fruit,
which is capable of floating in salt water
for several months, often washes up on
foreign beaches far away from the moth-
er plant. Provided it is not then eaten by
animals (such as monkeys, elephants, or
the crabs referred to as “robber crabs”) or

61



found and eaten by humans, germination
can take place.

What are the mechanical loads the coco-
nut is exposed to? The first mechanical
challenge occurs when the coconut falls
off the palm tree and needs to survive
this drop without damage. When a coco-
nut falls from a clear height of 30 meters,
it reaches a speed of over 80 kilometers
per hour. Another critical situation oc-
curs when the floating coconut is thrust
against rocks in the surge of the sea or on
the beach. During these events, the peri-
carp must not break open—otherwise fun-
gal spores and bacteria, or other germs,
can penetrate to the seed and prevent
germination. And finally, the white, nutri-
ent-rich coconut meat (botanical term: en-
dosperm) within the seed attracts preda-
tors, which means the pericarp must also
protect against sharp teeth and claws.
The three-layered pericarp of the coconut
is well equipped for such loads. The leath-
ery exocarp, which also controls evapora-
tion and prevents the ingress of salt wa-
ter when the fruit floats in the sea, holds
the fibrous layer of the mesocarp togeth-
er. These two layers absorb a large pro-
portion of any impact (or, in other words,
the kinetic energy resulting from the im-
pact) by compacting the tissue, which af-
ter that can relax again. As is the case with
the bark of the giant redwood tree, this is
made possible by [visco-Jelastic and plas-
tic deformation. In these events, the hard
and tough endocarp ensures that the seed
is not also squashed, which could damage
the embryo on the inside. This hard shell
further reduces the remaining force of the
impact, although small cracks in the endo-
carp can result. These cracks do not pre-
senta problem for the seed as long as they
do not completely penetrate the endocarp.
This problem is avoided by the structure of

62

this hard and tough layer, which consists
mostly of so-called sclereids. These heav-
ily lignified cells are densely packed and
connected with each other; as a result, it
is very difficult to break them apart "51.
In addition, the endocarp also contains
vascular bundles, the transport channels
of the plant used to deliver water and nu-
trients. In contrast to the compact sclereid
cell matrix, these are hollow “ducts.” They
run in parallel to the outer surface of the
endocarp. Since cracks tend to develop
along these less dense areas, they are less
likely to penetrate directly to the seed and
cause damage. Instead, the cracks pro-
ceed within the hard layer until they come
to a stop without penetrating the whole
endocarp. In this way, a slightly damaged
endocarp still remains closed and contin-
ues to provide an intact protection layer
around the seed.

However, the pericarp must not be com-
pletely impenetrable since the seedling
has to break through the protective cov-
er during germination. For this purpose,
there are three germination pores on the
side of the hard endocarp on which the
fruit was suspended from the palm tree.
In these areas the endocarp is significant-
ly thinner, allowing the coconut palm to
grow through it.



Implementation in technology

These three examples are enough to
demonstrate: nature supplies arich reser-
voir of clever structures and mechanisms
that can face up to extreme mechanical
forces and hence withstand high loads.
Materials with such properties that are
suitable for technical applications are
much in demand, and the question is ob-
vious: why do we not analyze these bio-
logical systems that have been tried and
tested over millions of years and transfer
them to technical applications, for exam-
ple as lightweight or fire protection mate-
rials in building construction?

Such a transfer to technology would ap-
pear particularly logical when one con-
siders issues such as the conservation of
resources or safety. However, in reality,
there are considerable difficulties when
we try to implement in technical products
what we have learned from nature. Usually
the biggest challenge in biomimetics is not
to understand the actual mechanism used
in nature but to abstract it and success-
fully transfer it to technical applications.

From the sea urchin to the
multifunctional material:
numeric simulation as a link
between nature and technology

Thanks to modern technology, the differ-
ent materials and structures of the biolog-
ical role models can be shown in computer
models and their interplay can be simulat-
ed. Likewise, itis possible in these simula-
tions to replace the natural materials with
advanced technical substances that have
properties which are tailor-made for their
intended application. Substituting the nat-
ural materials with technical ones is indis-
pensable for a successful transfer. Sim-
ulations enable another abstraction that
is necessary in order to be able to pro-
duce a technically usable structure in the
first place and to test its usability: with the
help of simulations, test runs can be per-
formed at significantly reduced cost com-
pared with building models that are then
tested experimentally.

To carry out simulations, we need dig-
ital images of the biological structures,
such as the outer and inner composition
of the sea urchin spines. Examples of
these are high-resolution X-ray images,
which are produced with the help of com-
puter tomography. In this way it is possi-
ble to gain an insight into the interior of
the sea urchin spine without destroying it.
Such images can then be used to produce
a three-dimensional virtual model of the
sea urchin spine and its inner structure
[M52. With these structural models, which
are created in the computer and repre-
sent the actualinner structure as precise-
ly as possible, it is possible, for example,
to simulate compression tests and to ex-
amine the resulting loads. To represent
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752 Piece of a slate pencil
urchin spine [A, area marked
red) has been converted into
a computer model with the
help of X-ray images. This
model was used to simulate
compression tests on the
computer [B). In order to

obtain a better impression of

753 Simplified models of
the microstructure of a sea
urchin spine produced using
parameterized modeling (A).
In the model on the right (2]
the material between the

pores is thicker compared
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the behavior of the structure
(e.g., the network of cavities]
under compression, addition-
al smaller areas from the sea
urchin spine were used for
the simulation of compres-
sion tests (C). The red arrows
indicate the impact of forces;

the triangles underneath

with the model on the left (1),
with the pore volume remain-
ing the same. 3D-printed
lightweight structures made
of plastic using the example

of the sea urchin spine (B).
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symbolize the points of sup-
port [of the model). Based
on the different colors, it is
possible to read off differ-
ent values for stress. Red
and green areas are subject
to higher stresses, where-
as blue and turquoise areas

are hardly stressed at all.



the hierarchical structure of the biological
sample is a big challenge when produc-
ing computer models. Simplifications, for
example by omitting some of the smaller
structure levels, can help to accelerate the
simulations and may even be necessary to
enable virtual test series in the computer.
This means that only the most important
construction principles of the microstruc-
ture of the sea urchin spine are adopted
for simulation. Nevertheless, these are
(frequently) sufficient for a transfer of the
desired function into technical solutions.
These models can be used to investigate,
on the computer, the influence of various
structures on the stability of the sea ur-
chin spine, for example the pore size or
the thickness of the growth layers. These
simplified models can be printed using
3D printers. Thus, the computer models
can be taken out of the virtual environment
and used for real tests or as demonstra-
tion examples for architecture I"s3.

This procedure is also used to produce
models of other examples from nature,
such as the coconut and the giant redwood
tree bark. The plan is, in a future step, to
transfer the results of the individual com-
puter simulations—of the stability of the
sea urchin spine or regarding the damp-
ing properties of the tree bark, for exam-
ple—to a unified model. The idea behind
this is to combine the different proper-
ties—the low weight and favorable frac-
ture behavior of the sea urchin spine and
the outstanding damping properties of the
tree bark—and to transfer these for tech-
nical use.

From the sea urchin spine to
the ceramic demonstrator

The freeze-casting technique

The understanding we gain in the above-
mentioned processes is then techni-
cally applied in initial prototypes called
“demonstrators.” One of the production
methods for producing demonstrators
to replicate the structure of sea urchin
spines is called freeze-casting ["54. This
is based on the directional freezing of a ce-
ramic/water mixture and, during a contin-
uing freezing process, forms a directional
pore structure that can become very simi-
lar to that of the sea urchin spine.

To produce ceramics with the help of the
freeze-casting technique, a suspension
is produced with ceramic micropowder.
In this suspension the ceramic particles,
which measure up to one micrometer, are
kept floating in the water and prevented
from sinking down. This mixture is also
called “ceramic slurry”["54A. Then heat
is withdrawn from the slurry from a de-
fined direction, which leads to its direc-
tion of freezing. This causes directional
ice crystals to form, which accumulate and
compact the ceramic particles in their in-
terstitial spaces ["54B. When vacuum is ap-
plied to the frozen sample combined with
a slow increase of temperature, the wa-
ter is removed through sublimation Ms4c
(sublimation = transition from ice to wa-
ter vapor without liquid phase). The re-
maining solidified ceramic powder, which
is the negative imprint of the structure of
the former ice crystals, is hardened by a
sintering processl 54D.

By using various adjustment screws in the
manufacturing process, it is possible to
influence the size of the pores, the pore
geometry, and the internal cross-linking.
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Directional freezing of the slurry Ceramic slurry

2
>
3 D
o
Q.
't; ;n-p-e ra ture- i
Sublimation Sintered sample
754 Schematic illustration of
the freeze-casting technique
A B
755 Schematic illustration of BkinG so!
the production process using
ionotropic gelation method
dinking sold
C D
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A 756 Structures created
during the freeze-cast-
ing process: chaotic pore

structure with lamellar to

Some ways of influencing the design of the
pore structure are, for example, by con-
trolling the speed of freezing, the choice
of the solvent, or the inclusion of various
additives.

The ionotropic gelation method

The ionotropic gelation method is a sec-
ond technique for producing directional
structures [ss.

757 Minute tube-shaped
[capillary] structures that can
be produced using ionotropic
gelation method; cross-
section (A] and longitudinal

section (B). Scale bar: 1 mm.

column-like appearance B
in top view (A}, dendritic
growth structure in side

view [BJ. Scale bar: T mm.

In the first step, sodium alginate (product
of a brown alga) is dissolved in water and
mixed with a stable ceramic suspension
Ms5A. This solution, referred to as “mixed
sol,” is filled into a production container
and overlaid with a cross-linking solution
(e.g., calcium chloride CaCl,) "ss8. The
cross-linking solution triggers a structur-
ing process of the alginate in which the
calcium (as complex) binds with the algi-
nate [755¢, and this causes the formation of
small, continuous directional tubes (capil-
laries) "s5p. Once the structuring process
has been completed, the gelatinous body
is solidified and dried. In the last step, as
in freeze-casting, the ceramic gel body is
heated to a high temperature (sintered),
which causes the organic component to
burn off, leaving a ceramic object with cap-
illary pore structures.




Initial mechanical tests with the capillary
structures produced using ionotropic gel
formation show a similar fracture behav-
ior to that of the sea urchin spines. This
shows that, in principle, a transfer of the
fracture behavior of structures to techni-
cal materials is possible. However, in or-
der to obtain the observed properties of
the natural examples, it is necessary to
carry out further investigation.

Whereas the structures produced using
the freeze-casting method quite closely
resemble the inner structure of the sea
urchin spine["s6, the structures produced
in ionotropic gelation method, which are
made up of thin tubes called capillar-
ies, are more comparable to the vascu-
lar structures in the wood of trees or in
the endocarp of the coconut[757. In terms
of their linear orientation, they resemble
the fibers in the bark of the giant redwood
tree. With this approach it is intended to
investigate the influence of the pore ge-
ometry on the mechanical properties; fur-
thermore, a contiguous capillary struc-
ture offers the opportunity to provide good
permeability in a material. By combining
the two production methods, it would be
possible to develop a lightweight building
material that has outstanding mechanical
properties and is also permeable in a de-
fined direction.

Graded concrete

Concrete is produced from a mixture of
cement, water, aggregates (such as sand),
admixtures and additives. This mixture is
initially fluid, and then cures to become a
solid “artificial stone.” These days, con-
crete is such a common building materi-
al that we would be hard pressed to im-
agine how large-scale building could be
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done without it. But this is precisely what
could happen if we do not soon make rad-
ical changes in the way we generally use
resources.

But before we tackle these questions, we
would like to take a quick look back at
the history of this “material of the cen-
tury.” It is believed that concrete was al-
ready being used in the construction of the
Egyptian pyramids, 5,000 years ago. These
structures consisted mainly of blocks that
could weigh up to 15 metric tons. A hy-
pothesis by material scientist Joseph
Davidovits suggests that at least some
of these blocks were not broken from a
quarry and then transported to the con-
struction site. Instead, it is possible that
the Egyptians produced the blocks directly
at the intended site using limestone con-
crete. According to Davidovits, the Egyp-
tians may have used very soft calcare-
ous sandstone with a high content of the
clay mineral kaolinite for these concrete
products. The calcareous sandstone was
quarried, heated, and subsequently pro-
cessed with alkaline water to produce a
watery slurry. On the building site of the
pyramids, this slurry was cast into form-
work and thereby given its shape. Once
the blocks of a series had cured, the form-
work for the next higher row could be built
and filled with concrete. In this way, the
blocks fit perfectly on top of each other
and, to this day, ensure the structural in-
tegrity of the pyramids. Under the name
“opus caementicium,” the Romans used
a different form of the building material
under consideration. This very long-lived
Roman concrete was produced from three
components: aggregates such as fine
gravel or coarse sand, a binder (quick-
lime, volcanic ash, and pulverized stone),
and water. This material was used all over
the Roman Empire to build aqueducts and



roads, but also unique buildings. Afamous
example is the Pantheon in Rome, a tem-
ple built of concrete, the dome-shaped
roof of which has an astonishing diame-
ter of 43 meters. Up until the end of the
19th century, this well-preserved build-
ing was the largest free-spanning con-
struction ever built. It is used as a church
to this day.

Following the fall of the Roman Empire,
the knowledge of how to produce concrete
was lost and was not rediscovered until
well over 1,400 years later.

The age of modern concrete began in the
19th century, when, in 1824, Joseph As-
pdin developed a new binding agent for
the production of concrete, the so-called
Portland cement. Shortly thereafter, this
was followed, in 1849, by Joseph Monier’s
idea of embedding metal within concrete
components in order to reinforce them.
From that point on, the use of concrete
spread rapidly throughout the world. With
this material of the century it was possible
to build roads, bridges, factories, houses,
and later also tower blocks more quickly
and cheaply, and also more durably.

The triumph of concrete continues to
this day. Currently, the worldwide annu-
al consumption of concrete is one cubic
meter per citizen. This should be consid-
ered in the light of the accelerating growth
of the world population on the one hand
and, on the other, the increasing scarcity
of the raw materials needed for the pro-
duction of concrete. These raw materials
include natural aggregates such as sand
and graded stone, cement consisting of
limestone, marl, slate, iron ore, clay, and
fly ash, and, not least, large quantities of
water and energy. Even sand is scarce be-
cause only certain kinds of sand are suita-
ble for making concrete; for instance, de-
sert sand is not suitable because the sand

grains have become rounded from being
blown about by the wind.

When we consider that, today, the con-
struction industry in central Europe is re-
sponsible for 60 percent of the annual con-
sumption of resources and 50 percent of
all waste produced, it becomes clear how
much responsibility for the preservation of
our planet rests on the shoulders of archi-
tects and structural engineers, and how
important the choice of material is.

One approach for drastically reducing the
consumption of resources and the produc-
tion of waste is to build with lightweight
components that are fully decomposable
and recyclable. An important step in this
direction is the manufacture of building
components with graded material prop-
erties. When a material property—for ex-
ample, the proportion of lightweight ag-
gregates—is not the same in all parts of
the component but consistently changes
in at least one direction, this is referred to
as a gradient ["s8. This makes it possible
to adapt the material properties of a com-
ponent at every point to the respective re-
quirements (e.g., bearing large loads). The
resultis an extremely efficient mono-ma-
terial, and a recyclable building compo-
nent with minimal mass.

At the end of the 20th century, the prin-
ciple of functionally graded concrete was
formulated for the first time by Werner
Sobek, and since then it has been con-
tinually developed at the Institute for
Lightweight Structures and Conceptual
Design (ILEK) of Stuttgart University. A
team of structural engineers and archi-
tects researches the design, the material
properties, and the production methods
of functionally graded concrete compo-
nents. In addition to conventional calcula-
tion methods, the design and construction
of such components also requires other
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Mixture [I ’

less well-known analytical methods, such
as the theory of foams. Besides the trans-
fer of loads, such components can also
perform other functions, such as thermal
insulation, increased fire resistance, or
moisture transport. In this way, function-
ally graded concrete makes it possible to
integrate systems of a building that are
usually separate, such as the loadbear-
ing structure, the envelope, and building
services, and with that can lead to a new
esthetic expression of the built environ-
ment.

In nature too, there are many examples of
material gradients. These can be drawn
upon as inspiration for the design of grad-
ed building components. Again, the inter-
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758 A density gradient is
produced within a concrete
component using a spray-
mist process in which the
ratio of two mixtures is varied

in the production process.

nal structure of sea urchin spines, for ex-
ample, is a potential source of inspiration.
These spines have some very interesting
characteristics: low weight, the ability to
absorb large quantities of energy, and the
hierarchical structure of their skeleton
p.55. As described earlier, the spine of the
sea urchin consists of a magnesium cal-
cite skeleton, the porosity of which varies
between 10 percent and 80 percent. Based
on the internal structure of the sea ur-

759 Change of density in
the spine of a mature slate
pencil urchin (Al and in a

graded concrete sample (B)



chin spines, concrete samples with grad-
ed porosity were produced at the ILEK and
investigated for their resistance to com-
pression[59. Not only was the weight of
these concrete samples 35 percent less
than that of samples made of normal con-
crete, but they were also capable of ab-
sorbing ten times more energy than con-
crete samples consisting of non-graded
material.

Functionally graded multifunctional con-
crete components therefore offer huge
potential for radically reducing the con-
sumption of materials in construction and,
at the same time, facilitate decomposa-
ble and recyclable components. As such,
functionally graded concrete offers an in-
teresting solution to the ecological and
social problems resulting from scarcity
of resources and overpopulation.

Scaling—the challenge of enlarging

The key step in working with biomimet-
ics is the abstraction of the biological
role modelin order to transfer functional
principles from the world of animals and
plants to technical products. An important
part of the abstraction process is to con-
sider the relationship of size between the
biological role model and the technical
transfer product. As already mentioned,
many of the biological structures that are
important for a certain function measure
just a few micrometers. By comparison,
the size of concrete grains is in the or-
der of a few millimeters to centimeters,
that is to say, larger by a factor of 1,000
to 10,000. This means that a transfer at
a ratio of 1:1 is technically impossible.
Furthermore, the simple magnification
of natural structures results in poorer
mechanical properties.

This can be best explained using an exam-
ple. Let us consider the dragon bamboo
(Dendrocalamus giganteus). It reaches a
maximum height of 40 meters with a di-
ameter of 35 centimeters at its base. If it
were to grow to the height of the Stuttgart
television tower (216 meters), the diame-
ter would of course have to become larg-
er. At the ratio of 1:1 (i.e., when all dimen-
sions are increased linearly) this would

correspond to a diameter of 1.89 meters.
However, since the volume would increase
disproportionately, the enlarged bamboo
would buckle under its own weight. Theo-
retically, it would not be stable and capable
of at least supporting its own weight un-
less it had a base diameter of 4.4 meters
[T60. Just this simple example, in which
the exposure to wind—the dominant load
to be resisted by plants—has not been tak-
en into account, makes it obvious that it is
imperative not to lose sight of the physical
boundary conditions. However, since it is
not possible to take all physical boundary
conditions into account with simple for-
mulae, a theory suggested by the Swed-
ish mathematician and engineer Waloddi
Weibull has been established in the ma-
terial sciences. This theory deals with the
mechanical properties of so-called “brit-
tle” materials—materials that break eas-
ily, such as glass, ceramic, and porcelain.
The failure of a building component made
of brittle material is determined by sta-
tistically present defects in the material
(for example, air bubbles in a glass pane).
When scaling the building component
to double its size (i.e., twice the length,
width, and height], its volume increases
eightfold. With the increase in volume,

7



the probability of defects also increases,
which makes the component more prone
to failure.

In the animal kingdom, we can also find
some examples of “scaling,” in which
similar structures occur with the same
function but in different sizes. One such
example is the thigh bone of mammals.
It supports the weight of the body in all
mammals. Scientific investigations of
thigh bones of mammals of different siz-
es indicate that the mechanical properties
do not follow the Weibull theory. Instead,
they all fail at a similar exposure to load
compared to their size. Most likely this is
the case because the bones vary not only
in their size but also in theirinternal struc-
ture (e.g., in the arrangement of the bone
trabeculae).
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There is another example of scaling in the
spine of the slate pencil urchin [é1. The
growth of the spine leaves behind charac-
teristic growth layers, which can be seen
in the cross-section as reddish lines. At
one time, when the sea urchin was small-
er, each of these lines was the outer layer
of the spine. In this way, this structure is
similar to the growth rings of trees, even
though the growth lines of the sea urchins
probably do not occur annually. The extent
to which this example of scaling from the
animal world can be transferred to tech-
nology is an issue of current research. We
should therefore sit tight and maintain our
curiosity!
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1.89m

Dragon bamboo
enlarged at a
ratio of 1:1
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Stuttgart
television
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enlarged taking
into account its

own weight

[60 The problem of scal-
ing: Plant stems are well
known for their lightweight
construction. The drag-

on bamboo (Dendrocala-
mus giganteus] can reach
a height of 40 m, with a di-
ameter of 35 cm at its base.
However, if it were to be
enlarged to the height of the
Stuttgart television tower, it
would have to be built com-
paratively thicker than in the
original in order to prevent
the structure from buck-

ling under its own weight.

[T61 Alarge and a small
spine of the slate pen-
cil urchin. The red lines
are growth lines. It can
easily be seen that, three
growth phases ago, the

larger spine was the same

size as the smaller one.
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Freezing: the right way

Rena T. Schott/ Lukas Eurich / Arndt Wagner / Anita Roth-Nebelsick / Wolfgang Ehlers

Plants growing in areas with cold winters use numerous strategies to cope with low
temperatures and alternating freezing and thawing events. In one of these strate-
gies, the plants die off and survive the winter with underground storage organs or
seeds. However, numerous species do not discard the parts aboveground. Rather,
dense forests exist in areas with very cold winters, and we are familiar with the
image of trees deeply covered in snow. Frost-resistant trees and shrubs can even
be evergreen, such as most conifers, boxwood, and rhododendron Is2. Similarly,
various types of bamboo and many other grasses are “frost-resistant.” The same
applies to some climbing plants such as ivy, and even to various herbaceous plants
such as the winter aconite and the popular snowdrop. Even though these are de-
ciduous, they appear very early in the season and flower at a time when snowfall

and frost are still very likely.

Avoiding frost damage—
can we learn from plants?

Many hardy plants cope well with tem-
peratures below freezing and also sur-
vive fluctuations in temperature that
cause alternating frost and thaw periods
in quick succession. By contrast, build-
ings and roads very frequently suffer from
frost damage. One of the problems is that
water expands during freezing, which can
cause damage through frost bursting. Fur-
thermore, ice attracts liquid water, which
means a body of ice that is in contact with
a reservoir of water that is still liquid can
grow in size. This process can lead to pot-
holes in roads, for example, unless appro-
priate countermeasures are taken. Such
phenomena also affect natural rock for-
mations and are an important part of the
weathering process. It follows that there
is significant potential for frost events to
damage building materials too.
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Is it possible to derive technically interest-
ing ideas for the improvement of the frost
resistance of technical building materials
from the adaptive performance of hardy
plants? For this purpose, we have to first
understand what happens in plants during
a frosty period. A plant can actually freeze
inside without suffering damage. How ex-
actly does this happen? And can we gain
any knowledge and inspiration from that
for technical implementation?



62 Various frost-hardy
Initial discoveries—“ice lenses” plants in winter. Top left: box-
in plants wood (Buxus sempervirens).

Bottom left: ivy [Hedera

In 1869, the French researcher Edouard helix). Top right: rhodo-
Ernest Prillieux investigated herbaceous dendron [Rhododendron).
plants, the greater celandine (Chelidonium Bottom right: winter jasmine
majus), and a type of comfrey (Symphytum], (Jasminum nufiflorum).

all of which flower in spring and are ca-
pable of withstanding light frost. These
plants became limp when exposed to frost
at night but fully recovered when the tem-
perature rose again the following morning.
Prillieux microscopically examined the fro-
zen plants and found that large ice lens-
es (mostly three) were forming in cavities
within the leaf stalks (petioles) near the
inner wall of the stem surfacel 3. Almost
140 years later, this phenomenon was

[T63 Deformations of the The deformations are
living tissue in the leaf caused by the formation

stalks of greater celandine of extracellular ice bodies.

(Chelidonium majus, The gray matter repre-
top) and a type of comfrey sents the tissue that has
(Symphytum, bottom) in shrunk a great deal due to
cross-section in historic the withdrawal of water.

images by Prillieux [1869).




examined in more detail using modern
methods. For this purpose, a cryo-scan-
ning electron microscope was used, which
is suitable for studying frozen samples.
This time, the same response to frost was
also discovered in other plants, for ex-
ample the white clover (Trifolium repens]
and the California poppy (Eschscholzia
californical. This means that these plants
can initiate the formation of ice bodies in
anatomically predetermined areas where
this clearly does not cause a problem for
the plant.

This process is called extracellularice for-
mation. It has now been documented in a
wide range of organs and tissues of many
frost-hardy plants. Ice forms in special in-
tercellular spaces in buds, leaves, and leaf
stalks, and in the water-conducting ele-
ments of roots. This extracellularice does
not cause damage. However, the forma-
tion of ice crystals inside cells is danger-
ous, and must be avoided at all costs as it
can lead to the death of the cell. For this
reason, to avoid such damage, the extra-
cellularice formation is an important fac-
tor. Not only does it not cause damage, but
it even has an advantage, as demonstrated
by the example of the white clover.
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Ice forms in a cavity

Water is attracted

Ice has formed a large cavity

Ice melts; meltwater is absorbed

[T64 Schematic illustra-
tion of the formation of an

extracellular ice body

Extracellular ice bodies—their creation
and function

When it is not frozen, the leaf stalk of the
white clover has a narrow gap in the tis-
sue directly beneath the epidermis (the
“skin”) of the leaf stalk. When the temper-
ature drops, water in this narrow gap will
freeze earlier than the content of the liv-
ing cells because these contain dissolved
substances. As with the use of de-icing
salt, this causes the freezing point to drop,
which means that the cell content does not
start freezing at 0°C. When the first lay-
er of ice forms in the gap, it will withdraw
water from the living cells that have not
yet frozen. This means that the intercel-
lular ice body grows at the expense of the



[T65 White clover (Trifo-

lium repens) in fresh (A)

and frozen condition (B) in

a test refrigerator, and the
respective cross-sections of
the leaf stalks in fresh [C)
and frozen condition (D). The
ice has primarily formed at
the edge outside the cells
between epidermis and bark

tissue. Scale bar: 0.2 mm.

water content of the living stalk cells, and
expands accordingly [T 4. In this process,
the living cell layers become dehydrated
(i.e., water is drawn off]. In this way, the
ice body acts as a kind of drying agent.
Owing to the loss of water, the concentra-
tion of dissolved substances in the cells
increases significantly as they remain in
the cells. The process ends when the hy-
groscopic effect of the ice is balanced by
the increasing capacity of the cells to hold
water, which is caused by the increasing
concentration of dissolved substances. At
this stage, the living cells contain less wa-
ter and a high concentration of dissolved
substances, which firstly significantly low-
ers the freezing point and secondly means
that, in the case of freezing at even lower
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100 um

[T66 Branch of the dwarf
birch (Betula nana) in
cross-section in fresh (A)

and frozen condition (B).

temperatures, no dangerous ice crystals
can form. Instead, the cell is then “frit-
ted”—it freezes without the formation of
crystals—and can thaw again without hav-
ing sustained damage from the freezing.
The dehydration of the living cells is akin
to a wilting process [ 65. As the temper-
ature rises, the extracellular ice bodies
thaw, the cells absorb the meltwater, and
the plant slowly straightens up again at
approximately 5°C. The process is com-
pletely reversible and can be repeated any
number of times.

It follows that extracellular ice forma-
tion is extremely useful and protects liv-
ing cells against the dangerous formation
of ice crystals inside them. Using an ice
body outside the cells as a drying agent
is literally ingenious. This process is used
not only by the white clover examined by
us, but by all frost-hardy species hitherto
examined for this phenomenon. In ligne-
ous plants, for example, extracellular ice
collects not only in the body of the wood
but also in the intercellular spaces of the
bark layer[6s. Spore-producing plants
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Extracellular ice bod-

ies can be seen in [B] in

the bark (white arrows).

(cryptogams]) also have this ability. For
example, in the frost-hardy winter horse-
tail, ice forms in the extensive duct sys-
tem that runs longitudinally through the
plant axes " 67.

However, low temperatures can have a
damaging effect in other ways, and the
unusually extensive loss of water repre-
sents a significant stress resulting from
dryness. The cell membranes are particu-
larly sensitive, and need special protec-
tion for this situation. As a matter of fact,
even frost-hardy plants cannot survive
frost events without acclimatization; in
other words, they have to become “accus-
tomed” to lower temperatures in a step-
by-step process. This means that the plant
adjusts to winter as temperatures slow-
ly fall. During the acclimatization period,
physiological changes take place. For ex-
ample, the composition of the cell mem-
branes changes during this phase. There-
fore, unexpected night frost events during
warm periods can cause damage even to
frost-hardy plants.



[T67 Cross-sections through

the axes of the rough horse-
tail [Equisetum hyemale) in
fresh [A] and frozen condi-

tion (B). Here, extracellular

Perennials in particular are subject to re-
curring changes and adaptations. In addi-
tion to the restructuring of the cell mem-
branes, other protective measures also
exist. Depending on the type of plant, spe-
cial proteins are formed that work like an-
tifreeze substances, moving the forma-
tion of ice to far below the freezing point
(supercooling]. This ability is particularly
prominentin living cells in wood. Further-
more, prior to freezing, the water content
of the respective part of the plant plays a
role. If the frost period lasts too long, the
plant may dry out due to the loss of water
from the cells. In winter, container plants
also face the risk of their roots freezing,
because these do not have such a protec-
tion mechanism; normally, roots are pro-
tected from deep frost by earth and snow.
In spite of these adaptations, howev-
er, each type of plant can only cope with
temperatures below zero to a point that
is specific to the species. If the weather
becomes significantly colder, more parts
of the plant will freeze or the plant will
freeze completely and, depending on the

250 um

ice has formed in the canals
that run along the plant
axis (upper black arrow]
and at the edge of the pith

cavity (lower black arrow).

temperature, parts or all of the plant will
die.

The principal processes of protection
against frost damage using focused ice
accumulation are primarily physical in
nature. In view of the fact that, like many
building materials, plant tissue is a porous
material, it should be possible to exam-
ine and illustrate the processes physical-
ly with appropriate models, thereby using
them as sources of ideas for frost protec-
tion of technical materials.
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A physical model

How can such observations from nature
be recorded and translated into a phys-
ical model? Engineers try to “translate”
the processes that take place within the
plant into a model (i.e., to abstract them).
This theoretical model is described with
the help of mathematical equations and
can be used for an analytical investigation
of the processes. These can then be simu-
lated using a computer. If this is successful
and it is possible to illustrate the relevant
processes for the problem in question us-
ing such an application-oriented model,
this can contribute to greater knowledge—
alsoin biology—and may even enable rel-
evant predictions.

When building an application-oriented
model, it is not necessary to take into ac-
count all properties and mechanisms of a
frost-resistant plant. Instead, it is impor-
tant to focus on those that are critical to
the phenomenon investigated and its tech-
nical implementation. In the case under
consideration here, these are—in particu-
lar—the characteristics that contribute to
the plant being frost resistant (i.e., char-
acteristics that ensure the plant does not
die when exposed to cold temperatures in
winter]. A categorical distinction is made
between the structural properties of the
plant that are part of its blueprint and its
physiological properties. In view of the fact
that it is usually very difficult to transfer
the physiological properties of plants to
building materials, we are looking here
particularly at the mechanisms influenced
by their structure. The physiological prop-
erties are therefore not taken into account
in building the selected model.
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The approach to building the model is one
of the key steps, since this has to capture
the extremely complex real system of the
plant (nature) and establish an idealized,
simplified concept of the model with an
appropriate mathematical description that
can be used for technical implementation.
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[T68 Schematic illus-
tration of the continuum-

mechanical TPM model

Simulations: performance of virtual
experiments

Even a simplified consideration of frost
processes in plant tissue is still highly
complex, which means that the task can-
not be successfully tackled using just pen
and paper. As a rule, the equations of the
model are made accessible to a numeric
solution process by way of approximation
so that these can be solved by a comput-
er. When these calculations are carried
out with the help of a computer, simulat-
ing the behavior of the system, the results
of the idealized model can be compared
with the real system. Such a comparison
can then be used to check and calibrate
the model. Once the model has been cal-

Macroscale

"Smeared model”

Solid body
structure

Concept of volume factions

Air

Water

Ice

ibrated and, ideally, provides an identical
solution for the material to that of the real
system, it is also possible to carry out vir-
tual experiments that will not take place
in the laboratory but on a computer. This
is of particular interest in situations where
the experiments are difficult to implement
technically, very time-consuming, or very
expensive.

What does such a plant model actual-
ly look like? The model approach used
for frost-resistant plants is based on the
“theory of porous media” (TPM), a con-
tinuum mechanics theory for multiphase
materials in which the material is de-
scribed not at the microscopic scale but
in the sense of a macroscopic observa-
tion. For frost-resistant plants, this means
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[T69 Water supply and water
flow in a leaf. Blue: areas
with low water permeabil-
ity. Turquoise: areas with
medium water permeability.
Green: areas with high water
permeability, which corre-
sponds to the location of the
vascular bundles. The red
arrows indicate the seep-

age velocity of the water.

that, microscopically, the material con-
sists of different components. Examples
are the loadbearing structure of the solid
body, which mostly consists of the lignified
part, as well as air inclusions and water
contained in the pores. This pore water
can freeze at temperatures below 0°C, in
which case the water is still retained in the
pores in the form of ice. In the macroscop-
ic observation it is assumed that, at the be-
ginning of the simulation, these localized
components, that is to say, the water/ice in
the pores, are "smeared” across the entire
volume of the porous body; that is the step
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of homogenization. This means that, in the
macroscopic TPM model, each component
is initially present everywhere at the same
time. The proportion of the component is
established by the proportion of the vol-
ume taken up by this component. In "és
the model approach for plant-based ma-
terials is shown schematically.

Itis possible to produce balance equations
for each of these components. These are
conservation equations of the physical
variables of mass, momentum, angular
momentum, and energy. These conser-
vation equations also include what are



known as production terms, which can de-
scribe mutual interactions and exchange
processes. For example, in an enclosed
volume, the total quantity of water is re-
tained even though this may be presentin
liquid form or as ice.

Another step is the completion of the mod-
el using material-specific equations. They
describe the special behavior of the mate-
rial and the processes taking place there-
in, for example the freezing of the water
within the plant or the water permeabil-
ity in a leaf;["69 shows an example of the
flow processes involved in the water sup-
ply of a leaf.

From understanding to transfer

In order to be able to achieve the big ob-
jective of transferring functions of the bi-
ological examples to bio-inspired techni-
cal products, it is essential that biologists
and engineers cooperate. For the case
described here, the biologists can sup-
ply an understanding of the structure of
the plants and the processes taking place
within them. On this basis, engineers try,
in close cooperation with the biologists, to
develop a model based on physical laws
that can be described with mathematical
methods and solved numerically.

In this way it is possible to precisely ana-
lyze and understand the processes taking
place and their structural prerequisites.
However, until the objective is achieved
and the knowledge gained can be utilized
for technical purposes, many unanswered
questions remain, which are of interest
both for biology and for the application. For
example, there are questions around the
role of tissue structures with different po-
rosity [permeability) and the arrangement
of the pore spaces, and also the question
of why the ice forms preferentially at cer-
tain places. Researchers and developers
will not run out of questions of interest
anytime soon!
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Nature as source of ideas for
modern manufacturing methods

Frederik Wulle / Daria Kovaleva / Pascal Mindermann / Hans Christof / Karl-Heinz Wurst /
Armin Lechler / Alexander Verl / Werner Sobek / Walter Haase / Gotz T. Gresser

Nature creates efficient, complex structures using the smallest possible amount
of material. The construction principles employed and the intelligent use of mate-
rials regarding their specific properties can be transferred to modern production
methods. The objective is to produce functional low-weight building components
that consume as few resources as possible ["70. In this chapter we show how this
bionic transfer takes place by continuing the development of production methods,
such as fiber technology (pultrusion, fiber deposition), 3D printing, the manufacture

of concrete components, and a combination of these three methods.

Sources of ideas for the lightweight construction

of tomorrow

In nature, we can detect not only adap-
tations that are specific to each species,
but also general morphological principles.
This includes an arrangement of materi-
alsin a biological structure that takes ac-
count of the loads acting on the structure.
In technology, it is common to use homo-
geneous materials; this means that the
density is constant throughout the com-
ponent. In nature, however, this is almost
never the case. Instead, material accumu-
lation and porosity can be found at all or-
ders of size. A famous example of this is
the human femur bone [M71. On its inside
it has a matrix structure that adapts con-
tinually to the loads acting on it. In places
where the bone is subject to heavy loads,
special cells, called osteoblasts, ensure
that the bone is reinforced, whereas op-
ponent cells, the osteoclasts, break down
tissue in places with low imposed loads.
In this process, the orientation of the rods
in a certain direction results in increased
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strength. In other biological structures,
such effects can also be generated with
highly resilient fibers. These fibers are
aligned along the direction of tension and
are firmly embedded in the base material,
called the matrix. In the stems of bamboo
plants, the fiber bundles can withstand
high tensile forces, whilst the ground tis-
sue, which is also lignified and in which the
fiber bundles are embedded, can very well
absorb compressive loads. In addition to
their outstanding mechanical properties
with respect to tension and compression
caused by bending and the attenuation
of vibration, bamboo stems also perform
other functions, such as the transport of
water and of photosynthesis products,
and, in the case of some types of bamboo
with green stems, also photosynthesis it-
self. In summary, bamboo stems are ex-
tremely high-performing, multifunctional
compound structures ["72.



770 Functionally graded
concrete shell segment,
manufactured using a spe-

cial sand casting process

The objective of our biomimetic project
is to adapt existing production technolo-
gies—such as fiber reinforcement in 3D
printing, the production of fiber or of func-
tionally graded concrete components (i.e.,
concrete with variations in the distribution
of density p. 70)—to the biological role mod-
els and thereby to continue the develop-
ment of the respective technology. If this
is successful, it would be possible to enor-
mously improve efficiency. Examples are
the porous concrete structures in build-

[772 Three examples of
complex pultruded profiles
li.e., manufactured using
the pultrusion process).
Pipe structures compared

with technical plant stem.

771 The load-opti-

mized structure of the

human thighbone.

ings, which can be used to reduce concrete
usage by up to 60 percent!

Production technology |—Pultrusion

In nature, many structures feature fiber
reinforcements or have a fiber-based con-
struction, starting with muscles, in which
sarcomeres ensure that we can move our
limbs, through to trees, whose special re-
sistance towind and other mechanical load
impact is based on the fact that the cell
walls of the wood essentially consist of two
components: cellulose and lignin. The mi-
crofibers made of cellulose are extreme-
ly resistant to tensile forces. The second
component, the lignin, forms the essential
part of the matrix in which the cellulose
fibers are embedded. On the one hand,
it ensures that the fibers all stay in their
place and, on the other hand, it is respon-
sible for the cell walls’ resistance to pres-
sure. This compound material structure
in the cell walls of wood fibers and wa-
ter-conducting cells (tracheids) ensures
that trees can not only support their own
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weight but also withstand much greater
introduced loads, such as those result-
ing from bending when exposed to wind
during storms. The fact that a combina-
tion of fibers with the surrounding matrix
produces a strong building substance was
recognized early on by human beings, who
benefited from nature’s examples, for in-
stance in the construction of adobe huts
with straw-fiber reinforcement.

To this day, this principle has been used
with ever better materials to create more
and more lightweight, strong substan-
ces. For example, today, the high tensile
strength of glass fibers or carbon fibers
is exploited in numerous technical appli-
cations for the production of high-per-
formance components, such as in the
aerospace, automotive, and construction
industry. In addition to the production of
complex components, which sometimes
requires very complex form tools, pultru-
sion is used to produce profiles from com-
pound fiber materials as an economic al-
ternative to profiles made of steel or other
substances.

Pultrusion (a portmanteau word com-
bining “pull” and “extrusion”] is the only
process suitable for the continuous pro-
duction of compound fiber profiles at an
industrial scale. In this process, rein-
forcement fibers and a matrix material
are pulled together into a heated tool. The
matrix material consists of either synthe-
tic resins that, under the influence of heat,
become non-meltable plastics, or melta-
ble plastics that subsequently can be de-
formed again. In the form tool, the fibers
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773 Schematic of pultrusion

are brought into the desired shape and are
retained in this shape through the reaction
of the synthetic resinl"73. In this way, it
is possible to produce profiles in any de-
sired length. In its basic construction, the
structure of these technical profiles re-
sembles the wall structure of a wood-fib-
er cell, with tensile stress-resistant fibers
that are embedded in a compression-re-
sistant matrix. Such profiles are capable
of withstanding very high tensile stresses
because all fibers are aligned along the
axis of the profile.

When using special synthetic resins,
it is also possible to activate the curing
through irradiation with light instead of
using a heated form tool. For this purpose,
a special, non-visible part of light in the
shortwave ultraviolet (UV] range is used.
This energy-rich UV radiation, which we
must protect ourselves against in sum-
mer to avoid sunburn, is used in techni-
cal applications to excite the molecules in
synthetic resin to form long chains. This
creates a fully cured, mechanically strong
plastic["75. This process can also be em-
ployed to produce structures with very
complex shapes, which can be used in a
wide range of applications [(e.g., items of
furniture).



[774 The fused deposition
modeling process is a layer
process that builds up com-
ponents from a locally melt-
ed plastic filament. Using a
feeding mechanism, the fila-
ment is transported into the
print head, where it is heated
until it melts. Then the liquid
or viscous plastic is extruded
through a nozzle. The print
head deposits strands in a
horizontal nozzle movement.

Moving vertically in steps, the

Production technology Il—Fiber-rein-
forced fused deposition modeling (FDM)

What every engineer probably dreams of:
the production of components in any shape.
Conventional production methods such as
casting, milling, or turning are subject to
certain boundary conditions and therefore
cannot be used for the production of items
such as a hollow sphere or very complex,
angled components. Through the develop-
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print head applies layer upon
layer to create the compo-
nent. As the filaments can no
longer be transported when
they are heated too early, a

cooling device is used to en-
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sure that the heating compo-
nent does not heat too early.
The movement of the print
head is determined using a
computer-based model with

a schedule for each layer.

ment of additive manufacturing, also re-
ferred to as 3D printing, much greater de-
sign freedom has been made possible. By
contrast to subtractive processes, no raw
material is removed during additive manu-
facturing; instead, material is applied or
added. This method of manufacturing is
usually based on a 3D computer model of
the desired end product. The modelis used
later to create a schedule, also called “NC
program,” for the control of the print head
in the 3D printer. A real component is thus
created in the 3D printer by applying and
connecting material additively in layers. In
addition to the original area of application
of additive manufacturing—the creation of
prototypes in automotive and mechanical
engineering—more complex 3D printers
are alsoincreasingly used for industrial ap-
plications. For example, rare spare parts
for machines, or tooth fillings, are already
being produced using additive manufac-
turing. Even components of the aircraft tur-
bines of the new Airbus A350 are produced
with additive manufacturing. In medical
technology research is being carried out
on the printing of organs or organic tissue.
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Today, many different additive manufac-
turing processes exist that are differen-
tiated in terms of their source substance
(liquid, powdery, solid), the material (plas-
tic, metal, ceramic, etc.), and the manu-
facturing process (bonding, melting via
laser or heating element). The fused depo-
sition modeling (FDM) process is widely
used; it is based on the deposition of a
hot and viscous thin plastic filament ["74.
This technology can even be used for the
manufacture of closed-pore structures,
which frequently occur in nature. This
means that porous, material-saving struc-
tures, such as sea urchin spines p. 70, can
be used as examples for lightweight con-
struction in technology. It also means that,
aside from biological structures, it is pos-
sible to manufacture special components,
the loadbearing structure of which is op-
timized using mathematical algorithms.
These possibilities can also be used to
produce complex, lightweight, and strong
components that combine certain func-
tions and, at the same time, use resourc-
es sparingly.

However, plastic components produced via
additive manufacturing do not always have
the necessary strength for use in highly
stressed components. One option for the
improvement of strength that is already
known from biology is fiber integration.
Compared with other additive manufac-
turing methods, the FDM process can be
used to integrate ends of fibers because,
while the thermoplastic filament is ap-
plied, it is possible to carry a fiber in the
print head at the same time. Endless fib-
ers can be aligned to suit the respective
imposed load, thereby leading to greater
strength in the component. Compared
with, for example, steel, the strength of
fiber-reinforced plastic in relation to its
weight is very great, which means that it
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is possible to manufacture components
of equal strength that are much lighter in
weight. This method enables the manufac-
ture of high-performance components of
almost any shape for applications in me-
chanical engineering and in the construc-
tion industry.

Production technology lll—Functionally
graded lightweight concrete structures

Concrete is the most widely used mate-
rial worldwide, and with an annual con-
sumption of 1.5 metric tons per person,
it is the most used substance after water
p. 68. Thanks to its strength and longevity,
it is impossible to imagine our built en-
vironment without concrete; it is used in
building construction as well asin civilen-
gineering, such as bridge and road build-
ing. However, the manufacture of concrete
involves two problems that heavily reduce
its environmental compatibility. On the one
hand, the production of cement—one of
the main components of concrete—gener-
ates high emissions of the greenhouse gas
CO,. On the other hand, the use of stand-
ardized formwork elements in building
with concrete means that more concrete is
used than would be strictly necessary for
structural reasons. These problems are
all the more pressing in view of the rap-
id increase in the world’s population and
the resulting increase in the use of con-
crete. One question that arises is how to
build more buildings using less material.
The formation of biological tissue is a ma-
terial-intensive and hence energy-inten-
sive process. For this reason, optimiza-
tion strategies have come about as part of
the evolutionary process aimed at forming
functioning structures with the least pos-
sible amount of material and energy. This



is made possible by careful selection and
distribution of the components of a tissue
or of an organ in accordance with its func-
tional requirements. The resulting func-
tionally graded structures (distribution
of density adapted to the function) can be
foundin all natural tissues and organs ex-
posed to mechanical loads, such as tree
trunks, bones, beaks of birds, and exo-
skeletons of animals on land and in water.
The functionally graded structures com-
bine low energy consumption with com-
plex functions, such as mechanical sta-
bilization, shock absorption, temperature
control, and—in plant stems—the trans-
port of liquid. Their multifunctionality and
modest use of materials mean that these
structures are outstanding sources of in-
spiration for engineers and architects.

The technical equivalents of these biologi-
cal structures are referred to as function-
ally graded materials. They were used for
the first time in astronautics in 1984, in
the form of changeable material compo-
sitions using ceramics and metal in order
to increase the temperature resistance of
structural parts of aircraft. Later, grada-
tions of compound substances appeared in
other technical fields of application using
combinations such as ceramics with met-
als, metals with metals, as well as ceram-

™76 Functionally graded
concrete cube that has been
manufactured using auto-

mated spray technology

ics with polymers. An integrated approach
to material selection, processing, and dis-
tribution is characteristic of the produc-
tion of graded materials and requires
highly specialized manufacturer technol-
ogies. This principle known from astro-
nautics was transferred to the building
industry, taking into account the require-
ments of loadbearing components, mate-
rial properties of concrete, and framework
conditions of manufacturing technologies
for large components.

The design of functionally graded concrete
components starts with the development
of the so-called “gradient layout,” which
describes the material/porosity distribu-

4 777 Functionally graded
concrete in different orders

-

of size. Scale bar: 1 cm.
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tion in accordance with the external forc-
es acting on the component. The gradient
layout is used as a basis for the manu-
facture of concrete components using two
different processes. With the spray pro-
cess, it is possible to control the density
of the concrete. By using a spray system
with two nozzles, each of which is filled
with a concrete mixture of a different den-
sity, a graded density of the concrete is
achieved in the component in the desired
proportion p. 70 ['58. The casting process
makes it possible to grade the spatial con-
crete structure by distributing the porosity
of the material in a controlled way. In or-
der to make this possible, a three-dimen-
sional formwork structure is built, which,
once the concrete has been cast, can be
completely dissolved and leaves cavities
within the component. Both processes can
be used to manufacture spatially graded
concrete components in a precise and re-
peatable way. Compared with convention-
al, solid concrete components, these com-
ponents can achieve reductions in mass of
up to 60 percent and reductions in emis-
sions of up to 35 percent. Furthermore,
the components are very easy to recycle
76,77.

778 Joining element in a
fiber-reinforced plastic/con-
crete compound component

tested for tensile strength
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Multi-material technology:
the road to new component
technology

In nature, objects can consist of the same
material yet have different properties de-
pending on their form and structure. One
example of thisis the use of solid or porous
structures. Using these biological “build-
ing strategies,” it is possible to generate
enormous variations in the properties of
materials that consist of the same sub-
stance. In technology, such variations are
mostly very expensive to achieve owing to
the available manufacturing possibilities.
Since no material exists that is suitable for
alltechnical applications, the approach up
to now has been to select materials and
production processes that are as suitable
as possible for special purposes and to
continue optimizing them. In many cas-
es, components are manufactured not just
from one substance but from a combina-
tion of materials. This has the advantage
that certain elements of the compound
structure can be assigned different prop-
erties or functions. The conventional com-
bination of materials involves layer, parti-
cle, or fiber compounds. Concerning the
structure and the production technology,
there is almost no limit to the options for
this subdivision into individual materials.




The manufacturing processes described
are constantly being developed further,
leading to the combination of the proper-
ties of certain materials and the creation
of new compound materials.

With respect to their strength, it is of-
ten necessary to manufacture compo-
nents that can withstand both high ten-
sile and compression forces, and hence
also bending stresses. Concrete is capable
of withstanding strong pressure but very
little tensile stress. For this reason, con-
crete components used in building con-
struction are usually reinforced with ele-
ments that can absorb high tensile forces.
The conventional material for this appli-
cation is steel. Fibers made of carbon or
basalt have a lower self-weight; in addi-
tion, smaller amounts are needed for the
building components, which means that
they can contribute to more lightweight
construction. Furthermore, it is possible
to use fibers for the reinforcement of spa-
tially highly complex concrete components
[T79. Certain boundary conditions have to
be in place for the production of fiber-re-
inforced concrete components regarding
their geometry, surface accuracy, and
force transfer. These conditions can be
overcome using additive manufacturing
technology with thermoplastics. This tech-
nology makes it possible to integrate the
fibers of the reinforcement and to produce

779 Porous structure of a
sea urchin spine (magnified
a thousand times), printed
in negative form, filled with

cast concrete, and heated.

free-form parts that are embedded in the
cast concrete like an implant. In this con-
text, plastic implants can also be used to
join segments together["78. The common
problem of low manufacturing tolerances
in segment connections is avoided due to
the flexible deformation of the plastic. This
means that component segments can be
manufactured with joining elements that
are specially designed for the particular
load impacting on that element. Gener-
ally, these efforts are aimed at transfer-
ring interesting biological structures and
building principles to technology in order
to continue developing manufacturing pro-
cesses for more efficient functional light-
weight building structures.
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Rosenstein Pavilion: a lightweight
concrete shell based on principles
of biological structures

Daria Kovaleva / Oliver Gericke / Frederik Wulle / Pascal Mindermann / Werner Sobek /
Alexander Verl / Gétz T. Gresser

Natural structural systems that have developed over millions of years illustrate how
large loads can be absorbed with very little material. This is achieved by adapting the
structural properties to a predominant load profile. If we succeeded in transferring
these principles to structures created by people, it would be possible to significantly
reduce the consumption of resources in the construction industry. As a contribution
to this, the Rosenstein Pavilion [ 80 was developed based on bio-inspired optimiza-

tion strategies in order to demonstrate the potential of resource-efficient building.

Principles of biological structural systems

Under the motto “structure versus mass,”
several exhibits in the Lightweight Versa-
tility exhibition space of the Baubionik—Bi-
ologie befliigelt Architektur exhibition that
took place from October 2017 to May 2018
at the Natural History Museum in Stuttgart
demonstrated how biological organisms
can efficiently fulfill certain functions with
the use of as few resources as possible by
adapting the characteristics of their tissue
to functional requirements. The ability to
endure mechanical impact is no excep-

tion in this context: with the aim of mak-
ing optimal use of material, structural
tissues can, for example, have a variable
density and orientation that correspond to
the magnitude and direction of predomi-
nant loads. This principle of “functional
gradation” can be observed in many liv-
ing organisms, the cells of which develop
into different structures depending on the
type of load, material constituents, and
the formation processes. Understanding
the relationships between structure and
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function can help in the development of ef-
fective building components and systems.
For the development of structures that are
mainly subjected to compressive stresses,
the principles of highly mineralized bio-
logical structures were used, in particu-
lar the skeleton tissue of sea urchins and
their spines. The inner porous structure—
the stereom—of the spines of the Hetero-
centrotus mammillatus sea urchin species
shows how the porosity decreases from
the center to the outside face of the spine
by way of a visibly structured gradation. It
is noteworthy that the considerable vari-
ation in porosity of 0 percent to 90 per-
cent is achieved solely by the combination

81 Photograph of a sea
urchin of the H. mammilla-
tus species [A], bar 2 1 cm;

close-up of the cross-section

80 Photograph of the pa-

vilion in the exhibition space

of the Schloss Rosenstein

Natural History Museum

of two variable parameters: the diameter
of the mineral struts and the size of the
pores ["81. Generally speaking, the dens-
er areas have smaller pores and thicker
struts, and vice versa. In order to explore
the potential of this construction principle
for resource-efficient concrete structures,
it was abstracted using scientific methods
and then applied in the construction of a
weight-optimized concrete shell with func-
tionally graded porosity.

of a spine (B), bar 250 ym;
close-up of the stereom
with varying porosity and
direction (C), bar 2 100 ym.
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Abstraction of the functional principle

In order to make the principle of functional
gradation suitable for technical purposes,
it is important to be able to define or de-
termine the dependency between struc-
tural characteristics and functional re-
quirements.

In the design of structural systems, it is
possible to define the relationship be-
tween the density of a structure (porosi-
ty] and the amount of the forces acting on
the structure. In a first step, the informa-
tion on the structural behavior is estab-
lished by simulation using given materi-
al properties and load cases. Thereafter,

the established stress values are con-
verted into material properties (density)
or also geometric characteristics (shape
of cross-section) ["82. As in the case with
various living organisms, the structure is
essentially influenced by specific material
properties, production methods, and all of
the functional requirements.

When this principle was applied to the
structural system of the concrete shell,
the key influencing factors were: the prop-
erties of the concrete, the production tech-
nology used, and the functional require-
ments of the exhibition object.

Cell

Principal stress ——
directions
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782 Abstracted model

of functionally graded
porosity with rectangular
[A) and hexagonal (B) cells



Implementation in the architectural design process

Having been inspired by biological struc-
tural tissues, the pavilion was designed
as a three-dimensional structure whose
properties were adapted to structural re-
quirements and then visualized in the form
of functionally graded porosity. The unity
of form and function that we often encoun-
ter in nature is the result of natural mor-
phogenesis. Therefore, the design of the
pavilion was also based on this process
as form, structure, and material were to

be perceived as an indivisible unit. This
procedure was emulated in a computa-
tional design process in which the three
main steps of a design process—form de-
velopment, structural analysis, and distri-
bution of material—were integrated in a
single digital environment. Requirements,
limitations, and boundary conditions were
grouped and assigned to each module["83.

83 Work process from
the design to the pro-

duction of the pavilion
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Context of the pavilion

In order to emphasize the architectural
relevance of resource-efficient building,
the pavilion was designed as a new kind
of spatial object in the context of the ex-
hibition space. Firstly, the structure was
integrated into the neoclassical surround-
ings of the museum by positioning the col-
umns in the rhythm of the main architec-
tural elements of the room and by defining
the height of the structure to correspond
to the tops of the doors and windows [ 8a.
Secondly, the typology of a shell was se-
lected in order to emphasize the contrast
between the old post-and-beam system
of the neoclassical museum and the light-
weight character of future architecture.
Furthermore, the area on the ground was
kept as open as possible in order to allow
the arrangement of other exhibits and per-
mit better circulation of visitors. These de-
sign criteria led to the form and structure
of the pavilion as a new interpretation of
vaulted construction. As a result, the pa-
vilion was designed as a shell that is open
towards the ceiling in the shape of funnels
and is supported by four columns ["84.

[784 Axonometric of the

exhibition space with pavilion

3
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Design process

The intention was to create a combination
of structural and esthetic aspects with as
strong an expression as possible, which is
represented by the convergence of form
and structural behavior based on graded
material distribution. Following the defi-
nition of spatial and functional boundary
conditions, an outline design of the shell
geometry was developed; this was then
analyzed in terms of its loadbearing be-
havior for the given material parameters
and load cases. Owing to the poor load-
bearing capacity of the concrete when
exposed to tensile stress, a tension ca-
ble was placed all around the upper edge
of the shell. In this way it was possible
to achieve a membrane stress condition
in the structure with mainly compression
forces. The structural behavior was ana-
lyzed and graphically visualized in order to
anticipate the required material distribu-
tion. Then the calculated stress field was
used as input for the modeling of the func-
tionally graded porosity.
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Material specification for the functionally graded inner structure

Thereafter, the material was specified with
graded porosity to reflect the stress con-
ditions in the structure across the entire
surface of the shell. Based on the stress
values, the surface was subdivided into ar-
eas (cells) whose size and orientation cor-
related with those of the stress field ["85A.

Then the center of each cell was defined
as the center of a pore, and the edges as
concrete struts8sB. Finally, the thickness
of the individual struts was determined in
order to arrive at the required cross-sec-
tional areas in each case ["8sc.

85 Allocation of materi-
al to the stress field of the
shell. Starting mesh model
with stress vectors (A], al-

location of cells by size and

orientation to principal stress

vectors (B} and modeling of
the required cross-sections
according to the respec-

tive principal stresses [(C].
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Segmentation

The exhibition was limited to a period of
six months. Furthermore, the size of the
building components was restricted due
to the limitations of production, transport,
and construction. For this reason the pa-
vilion was made up of 69 individual seg-
ments, of which only 18 were unique ow-
ing to the fourfold symmetry of the shell
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[T86. The loads were to be transferred via
continuous contact joints between the
segments. The joints were located in the
dense areas of the segments rather than
in the highly porous areas in order to har-
monize the porosity distribution with the
segmentation layout.

786 Layout of segments



Production

All 69 shell segments were produced us-
ing just 18 different formwork units, each
of which was reused up to four times. In
order to guard against unexpected load
cases, all segments were also reinforced
with carbon fibers. In addition, a system of
connectors was integrated in the edge of
each segment in order to ensure that ad-
jacent segments were positioned correct-
ly during assembly and remained fixed in
place until the peripheral cable was ten-
sioned.

In order to integrate all of these production
requirements, a two-part formwork unit
with a double curvature was produced on
a CNC milling machine, including a sys-
tem of channels and cavities for casting,
reinforcing, and positioning, for each of the
18 segments[87. In parallel, precision po-
sitioners were produced as fit-in parts us-
ing a 3D printing method. In the next step,
resin-impregnated carbon fiber rovings

—— Lower part of formwork

Positioner

+— Carbon fiber reinforcement g —

+—— Upper part of formwork ———==

787 Formwork and rein-

forcement arrangement for
a segment [A] and formwork
during processing with a
CNC milling machine (B]

were laid along each concrete strut, held
in the center with spacers, and attached to
the positioners. The fitting of the rovings
created integrated textile reinforcement.
Once the resin network had been complet-
ed, the formwork was coated with release
agent, assembled, and filled with concrete.
Owing to the concrete’s good early com-
pressive strength of 40 MPa after 24 hours,
it was possible to remove the segments
from the formwork as early as one day af-
ter the casting. Thereafter, the formwork
could be reused for the production of other
segments of the same type.
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Assembly

Prior to assembly, the segments were
transported in a space-saving manner to
the Rosenstein Museum, where the shell
was assembled directly on-site. For that
purpose, scaffolding was used that con-
sisted of four timber members on steel
scaffolding and positioning aids for the
columns. First of all, the segments form-
ing the inner vault were placed starting
from the columns upwards ["88a. Then,
the adjoining segments were positioned
and fixed. As soon as the central segment
had been assembled, the cantilevering ar-
eas were fitted ["88B. Finally, the tension
cable was inserted along the outside top
edge and then prestressed to ensure that
the intended structural behavior of the
shell—primarily subjected to compres-

sion—would be achieved["8sc. The tension
of the cable was also regularly checked
during the exhibition.

88 Assembly of the struc-
ture on the support scaf-
folding (A), assembly of the
structure [B), tension lock
and sensors for prestress-
ing the peripheral cable (C)],

close-up of a segment joint

with screw connection [D)]




Functionally integrated:
support structure +
building envelope

Outlook

The main objective of the project was
to demonstrate the relevance of bio-in-
spired design strategies both for structur-
al systems and for architecture in general.
When manufacturing components such as
floor decks, beams, or columns, as well as
other structures such as shells or bridges,
the mechanical properties are adjusted to
the structural requirements. In addition,
other functions such as thermal insula-
tion, moisture/air circulation, acoustic in-
sulation, and other building physics re-
quirements can be integrated in a building
component using functional gradation. For
example, by introducing porosity gradients
between the dense outer layers and the
porous core areas of external walls and
roofs, itis possible to achieve components
with both structural and insulating prop-
erties.

The early inclusion of these principles in
the digital design process can help project
teams make resource efficiency an inte-
gral part of the design work. In parallel,

Optimization of bearing
capacity + integration
of building technology

89 Vision of a function-

ally integrated building
system using the exam-

ple of a railway station

the development of new integrated design
and production methods—supported by
progress in the material sciences—could
ultimately lead to the development of new
kinds of structural systems that extend the
range of design solutions for a sustainable
built environment.
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ELEGANCE AND LIGHTNESS:
BIO-INSPIRED DOMES

Jan Knippers / Thomas Speck

For centuries, master builders have en-
deavored to create ever lighter construc-
tions. For this purpose, the shapes of
domes, vaults, and shells were adapt-
ed more and more precisely to the flow
of forces. As a result, buildings of unique
strength of architectural expression, such
as the cathedral of Notre-Dame in Paris
(1163), the Sagrada Familia in Barce-
lona (1882), and the Sydney Opera House
(opened in 1973), have been created at
various times. A prerequisite for this was
a detailed understanding of the structur-
al forces and, especially, a highly devel-
oped construction trade that was capa-
ble of producing exactly shaped vaults and
shell structures able to transfer the ap-
plied forces.

However, in the course of the last centu-
ry, there have been fundamental chang-
es in the factors affecting the building
industry. Today, materialis cheap, but la-
bor is expensive. Therefore construction
methods are today developed with the
aim of keeping the labor input required
for production as low as possible. This
has resulted in a much reduced variety
of forms. “Boxes” are created that con-
sist of as many identical components as
possible. Whether this involves the con-
sumption of a bit more or less material
is of secondary importance.
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How can we today manufacture cost-effi-
cient shell structures that are shaped ac-
cording to the applied loads and are there-
fore resource efficient, and which open up
new opportunities for design in architec-
ture? Nature can supply valuable pointers
in this respect. Shells and exoskeletons
protect the inner organs of sea urchins,
snails, mussels, insects, and many oth-
er animals against predators, water pres-
sure, and numerous other potentially dan-
gerous environmental influences. In the
course of evolution, an incredible variety
of forms and construction principles have
developed, which are adapted to a wide
range of conditions encountered by ani-
mals in their habitats. In this process, the
basic principle of evolution has been fol-
lowed: using resources as efficiently as
possible.

How are such natural shell construc-
tions created? In nature, different princi-
ples of formation can be observed, which
can provide stimuli for technical develop-
ments in various directions. Two exam-
ples may explain this. The exoskeleton of
sea urchins consists of individual plates,
and the sea urchin shell grows by forming
new plates. At the same time, however,
every already formed plate grows in size.
The modular structure of the shells en-
sures, on the one hand, that the plates can



grow independently of each other and, on
the other hand, that they are reliably and
yet compliantly connected with one anoth-
er—sometimes via special denticulations.
Inturn, these denticulations involve a spe-
cial arrangement of the plates on the shell.
What can be transferred to architecture
from this example? The sea urchin con-
struction has inspired construction tech-
nology to produce complex-shaped shell
structures using prefabricated panels of
wood, concrete, or other building mate-
rials. Compared with shells formed en-
tirely on the building site, the manufacture
of such prefabricated individual parts is
much less costly. The sea urchin can also
provide other valuable pointers for the
design of joints and the arrangement and
connection of the panels.

Snails, as a second example, use a com-
pletely different construction principle.
Their shell grows by the snail continual-
ly depositing new material at the opening
of its shell. To begin, the snail deposits a
plastic-like, initially soft layer on the edge
of the shell, which it produces and shapes
with its body. This layer will then cure and
is reinforced from the inside with a mineral
material. This additive building process of
snail shells can be used as a role model
for continuing the development of the 3D
printing technology for building envelopes.

It would be ideal if, as with the snail, it
was possible to first form the shape-giving
modeling material and then the structural
layer free in space in a continuing process.
In this way, it would be possible to omit ex-
pensive formwork and supporting struc-
tures, which these days, in practice, make
shell structures almost unaffordable. Fur-
thermore, the omission of formwork and
supporting structures would also be desir-
able from the point of view of sustainability.
Analysis of the growth and structure-form-
ing processes of the shells of sea urchins
and snails leads us to two different ap-
proaches to making the production of flow-
ing structural forms once again commer-
cially viable. These examples remind us
that it is worthwhile to take a close look
atrather “simple” living creatures. Some-
times we need to take a second look in or-
der to discover not only beauty but also
functionality.
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Building principles and structur-
al design of sea urchins: exam-
ples of bio-inspired constructions

Tobias B. Grun / Malte von Scheven / Florian Geiger / Tobias Schwinn / Daniel Sonntag /
Manfred Bischoff / Jan Knippers / Achim Menges / James H. Nebelsick

In the course of evolution, sea urchins have adapted to a wide range of habitats in
the ocean. Particularly conspicuous are the developments in the construction of
their skeletons, which feature specific adaptations to their ambient environmental
conditions. The sea urchin shells thus have developed many different charakteris-
tics in order to withstand currents, storm events, and predatory attacks, for exam-
ple. These shells also reveal some very fundamental building principles, which can
serve as inspiration for the development of innovative technical constructions. The
main focus is on the development of better-performing shell structures, which would

be a means of achieving greater resource efficiency and architectural esthetics.

Hard and elegant—the diversity of sea urchin shells

Spiny ocean-dwellers

Sea urchins were not given their name by
chance as they resemble their terrestri-
al namesake, the hedgehogs [M90. Even
though sea urchins share spines with the
hedgehogs, they are purely marine inver-
tebrates. Sea urchins occur in all oceans
and at all depths. In marine ecosystems,
they are an important key group because
they restrict the rapid spread of algae and
excessive colonization of the reef and the
ocean floor by other animals, which can
be detrimental to the ecosystem, and also
because they themselves are an important
element in the food chain. Depending on
their habitat, the appearance of sea ur-
chins can vary a great deal. Another gen-
eral distinction can be made between sea
urchins with regular and irregular shells.
The regular sea urchins [790, 92, which
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are mostly spherical, are well known to
some of us from times we have spent by
the sea, where their spines left painful
memories when we accidently stepping
on them. The irregular kindsl91, 93 are
often of a flatter shape and live primar-
ily hidden, inconspicuously buried in the
sand. A special taxon of irregular sea ur-
chins is the Clypeasteroida.' This group is
characterized by its very strong modular
lightweight construction, its effective plate
connections, and an impressive diversity
of shapes.

1 The Clypeasteroida include the sand dollars [in the
more specific sensel, the sea biscuit, and the pea
urchins. Unfortunately, there is no accepted trivial
name for the group. For the sake of simplicity, we
speak here about sand dollars [in the wider sense]

when referring to the Clypeasteroida.



Sea urchins from a technical point of view

Sea urchins have a strictly hierarchical-
ly organized calcareous skeleton (calcium
carbonate, calcite, CaCOal, which consists
of many, in some cases several hundred
individual and often effectively connected
plates. Like an exoskeleton, the sea ur-
chin skeleton protects the inner organs. It
is, however, covered by tissue and there-
fore is an endoskeleton. The plates them-
selves consist of stereom, a highly porous
meshwork system of interlaced small rods
called trabeculael 97.

From a technical point of view, the skele-
ton system features two impressive char-
acteristics: owing to its high degree of po-
rosity, the weight of the sea urchin shell
is reduced; nevertheless, its lightweight
construction is strong enough to ensure
that the sea urchin skeleton can with-
stand even strong forces during a storm
or other events. Another feature of sea ur-
chins is their modular skeleton consist-
ing of many individual elements, which can
produce a fascinating range of shapes. In
building technology, prefabricated modu-

790 The regular sea ur-
chin, Diadema antillarum,
does justice to its name in

a fascinating way: it fea-
tures spines measuring up
to 30 cm, which it uses in
defense against predators.
The spines are so effective in
deterring aggressors that the
space between them is even

used by fish as a nursery.

lar constructions also play an important
role because they are usually economi-
cal to produce and fast to erect. Sea ur-
chins from the sand dollar group consist
of plates that, in most cases, are connect-
ed to each other via skeletal protrusions
[T97 and connective tissue. There is an-
other special feature hidden inside them:
because of their sometimes markedly flat
shape, these species have developed in-
ternal support devices that connect the top
and bottom sides of the skeleton with each
other, thereby forming a structural bridge
within the shell. These internal support
structures can generally be subdivided
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into three types[93: (1) Clypeaster rosa-
ceus, also known as the sea biscuit, has
distinct wall-like freestanding pillars.
With its shape, which is relatively round-
ed rather than flat, this species, whose
length is up to 20 centimeters, is proba-
bly one of the largest representatives of
the Clypeasteroida. The sea biscuit lives
mostly on the sediment, where it occasion-
ally hides beneath rocks, masking itself
with algae, mussel shells, and suchlike
in order to protect itself from predators
[M91. (2) The pea urchin—which, by con-
trast with the above, is minute, measur-
ing only a few millimeters—has buttress-
es that, throughout their entire length, are
connected to the shell. The skeleton of this
tiny creature, which lives exclusively in the
substrate, is so resistant that masses of
them can be found as fossils that have suf-
fered hardly any damage. (3) Sand dollars,
including the very flat genera of Leodia,
Mellita, and Dendraster, live either com-
pletely or at least partially buried in sand.
These often disc-like sea urchins have a
meshwork-like buttress system consist-
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ing of thin walls that is especially strong
at the edges of the skeleton.

Diversity of shape and its (r)evolutionary
background

The segmented skeletons of sand dollars
feature a great diversity of shape, rang-
ing from highly rounded to strongly flat-
tened, from circular to elliptical in longi-
tudinal section, and from small to large.
Skeletons can have very strong shells,
with their plates additionally reinforced
by internal supports. This diversity of
sea urchin skeletons reflects the adapta-
tion of the animals to their specific hab-
itats. In spite of the enormous variation
amongst sea urchins, however, some ba-
sic shared elements can be recognized in
a sea urchin skeleton. For example, sea
urchins living today have exactly 20 rows
of plates in spite of their big differences in
shape. Similarly, the arrangement of the
segments, in which three plates meet at
one point, can be found in all sea urchins.



[791 The sea biscuit
Clypeaster rosaceus has
masked itself with algae,
shell fragments, and
sediment in order to dis-
guise itself and protect

itself against predators.

792 Regular sea urchins

are mostly close to spher-
ical and display a distinct
pentagonal symmetry. Whilst
the variation in the shape of
regular sea urchins is already
baffling, it is not comparable
to that of the irregular sea
urchins. Shown from top to
bottom are representatives of
the genus Tripneustes [skel-
eton with spines), Tripneus-
tes (skeleton without spines),
and Arbacia and Paracen-
trotus (skeletons without

spines). Scale bar: 1 cm.




From a technical point of view, a theoret-
ical structural model can be detected be-
hind the enormous variations in form of
sea urchins. In architecture and in build-
ing construction, the aspect of diversity of
shape due to adaptation as well as the idea
of an abstract model are very important,
because as a rule buildings are designed
to suit the demands of the user, the specif-
ic characteristics of the location, and oth-
er requirements; these factors alone lead
to a great diversity in buildings. In archi-
tectural design it is increasingly common
to use computer-based methods in order
to develop—on the basis of construction
principles—digital models that generate
geometric variation when certain param-
eters are changed. When combined with
appropriate methods of structural analy-
sis, itis then possible to use the computer
to simulate an evolution of load-bearing
structures that leads to more efficient
structures than could be achieved with
traditionally designed systems.

793 Irreqular sea urchins
from the sand dollar group
(Clypeasteroida) are bilater-
ally symmetrical (i.e., they

have a left-hand and right-
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hand body half]. The shape

and curvature of the spines

vary widely, and the internal
buttress systems contribute

significantly to the reinforce-



ment of the calcite skeleton.

Left: Clypeaster rosaceus;
middle: Echinocyamus pusil-
lus; right: Leodia sexiesperfo-

rata; top: with spines;

middle: skeleton without
spines; bottom: longitudinal
section. Scale bar (gray):

1 ¢cm; scale bar [red): T mm.
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Shell structures and their examples in nature

In architecture, the term “shell structure”
refers to thin-walled and double-curved
structures, which, due to their shape, can
be particularly efficient and are therefore
often used in buildings with large open
spans. Historic examples are domes,
such as that of the Pantheon in Rome
(completed in AD 128), which made it
possible to span large areas using the
technical means available at the time. In
modern architecture, there are also nu-
merous examples in which free shape
shells with curvatures in two directions
have a high esthetic value, such as that of
the L'Oceanografic in Valencia designed by
Félix Candela (opened in 2003) [M94. The
double curvature ensures that external
loads are transferred through the shell
towards the supports exclusively in the
form of in-plane forces. This leads to an
advantageous structural behavior and op-
timum utilization of the material, result-
ing in relatively slender and lightweight
constructions. Building such structures
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is often very costly due to their size, their
irregular geometry, and their double cur-
vature. For this reason, current endeavors
aim to produce shells from prefabricated
elements that only have to be joined up
at the construction site. This has already
been carried out in the exhibition hall at
the State Garden Exhibition (Landesgar-
tenschau) in Schwéabisch Gmiind (2014) in
the form of a prototype I"95.

In many ways, the shells of sand dollars
are not dissimilar to the shells used in ar-
chitecture. It could be said that, at a low-
er level of the hierarchy, the plates of the
sea urchin correspond to the segments of
segmented shell structures. The relatively
thin sea urchin shells behave structural-
ly like shell constructions in architecture,
and can therefore serve as an important
source of ideas for the arrangement of
modules in segmented shell structures.
They can also serve as an example for
the development of particularly high-per-
forming module connections. While mod-



94 ['Oceanografic in

Valencia (Spain), designed
by Félix Candela, is an
example of a monolithic
[cast in-situ as a single unit]

reinforced concrete shell.

ules in traditional technical constructions
often have uniform shapes, the plates of
the sea urchin shell feature considerable
differences in their geometry and curva-
ture. However, the arrangement of the
plates follows a strict basic construction
plan, in which three plates always meet
at one point[~96. Based on the variation of
the plate form and the denticulation, the
arrangement of the plates can, on its own,
generate an effective shell construction
and is therefore an important source of in-
spiration for biomimetic shell structures.
The connections between the modules are
usually weak points in segmented shell
constructions because at these transition
points the material and geometric con-
tinuity is interrupted. In consequence, it
is necessary to either optimize the force

[795 The exhibition hall at
the State Garden Exhibi-
tion in Schwébisch Gmiind
(Germany] is a prototype for
a segmented shell made of

beech plywood elements.

transfer in the joint or alter the arrange-
ment of the joints in order to be able to
build more efficient segmented shells.
Sand dollars provide important pointers as
to how this optimization can be achieved;
this is because they feature a combina-
tion of mechanical denticulation M97 and
a softer and more elastic tissue embed-
ded within the skeleton, which results in
an effective joint.

Internal buttress systems are used to
firmly connect the upper and lower parts
of the shell of the sea urchin skeleton
["93, 98. Forces can be transferred be-
tween the two halves of the shell, ensur-
ing that they are distributed evenly within
the shell. Overall, this means that external
loads lead to lower internal forces/stress-
es in the skeleton. From a technical point

111



12

796 In the skeleton of the
sea urchin Leodia sex-
iesperforata, three plates

meet at one point (vertex).

of view, shell structures are thin-walled
constructions that span large areas with-
out the use of columns. However, column
systems cannot be omitted completely, in
particular when the shells only have a low
curvature or are completely flat. In this
contextin particular, the arrangement and
geometry of the internal buttresses of the
Clypeasteroid sea urchins are of great in-
terest, since they illustrate ways to opti-
mize the structure whilst also reducing the
use of construction materials.

Itis true that, today, we have wide-spann-
ing shell structures, but their construction
often involves comparatively high costs
and large amounts of material. Engineers
and architects hope that by understanding
the structure and load-bearing behavior
of the sea urchin skeleton, as well as the
transfer of selected construction princi-
ples to technology, we can gain better in-
sight for the optimization of shell struc-
tures. The objective is to develop shell
structures that consist of individual pre-
fabricated building segments. The aim is
not only to reduce the consumption of re-
sources and material, but also to pave the
way for completely new and efficient light-
weight constructions. Clypeasteroida are
characterized by many properties that are
important for architecture, such as the ef-
ficient plate connections and internal but-
tress mechanisms. For this reason, bio-
mimetic research is currently focusing on
these sea urchins, with paleontologists,
biologists, engineers, and architects hop-
ing to find new concepts that, on the one
hand, are revolutionary in form and func-
tion and, on the other hand, extend the
understanding of the structure, function,
and developmental history of sea urchins.



797 Scanning electron
microscope image of the
stereom protrusion at an
individual plate that is used
to achieve an effective

connection of the plates.

98 Computed tomography
image of an internal sup-
porting pillar of the sea ur-

chin Clypeaster rosaceus.




[T99 Computed tomogra-
phy scan [CT scan] and voxel
model of the skeleton of

the sea urchin Clypeaster
roseaceus. Top: one slice

of the CT scan of the sea
urchin skeleton (the bright-
er the voxel, the denser the
material). Middle: external
view of voxel model. Bottom:
section through the voxel
model with color coding of
the stresses in the mate-

rial {red = high stress].

Sea urchins in 3D

In order to investigate the inner structure
and mechanical behavior of sea urchin
shells, computed tomography (CT) scans
of various sea urchin skeletons were pre-
pared. These scans produce image files
that show the material distribution in a
very thin section of the sea urchin 799. The
brightness of each pixel represents the
density of the material; when the area is
completely black, this means there is no
material, and as the color becomes bright-
er, the density increases. On the basis of
the CT scans, a three-dimensional vox-
el model (volumetric model consisting of

M4

cubes] is created. The word “voxel” origi-
nates by analogy from the word “pixel” and
is used in a three-dimensional context,
with “vo” representing “volume.” Voxels
are generated only when the brightness
and with this also the density is above a
specified threshold. In some cases, sever-
al pixels of consecutive images are com-
bined to form larger voxels in order to re-
duce the resolution and hence the later
effort involved in the calculations. Subse-
quently, voxels that are not connected with
the actual sea urchin shell are removed,
and the mechanical loads and bounda-



ry conditions that are necessary for the
structural analysis are defined.

The three-dimensional voxel models of
the sea urchins make it possible to inves-
tigate the mechanical properties of the
sea urchin shells in numerical simula-
tions. A mathematical model can be used
to describe the mechanical behavior. The
equations are similar to those of Hooke’s
law governing the elastic deformation of
solids, which can be used to calculate
the deformation of springs. They do not,
however, describe the behavior of a sin-
gle spring when exposed to force, but that
of a three-dimensional continuous body.
The scientific discipline dealing with this
is referred to as continuum mechanics. It
provides the basis for computer simula-
tions, which today are carried out in many
scientific and industrial fields; examples
are the simulation of the crash behavior of
vehicles or the prediction of the load-bear-
ing behavior of bridges. These equations
of the mathematical model are solved
with a numerical model, in this case us-
ing the finite element method (FEM]. With
this method, an approximate solution can
be determined by subdividing the domain
that is the subject of the calculationinto a

limited number of elements. The solution
shows the distribution of displacements
and forces in the sea urchin shell resulting
from a certain assumed external load. As
the element size is reduced, their number
increases and the quality of the approxi-
mate solution improves. However, there
is an increase in the effort involved in the
calculation and, in particular, the time re-
quired.

By investigating the sea urchin shell with
scientific engineering methods, it is pos-
sible to gain a deeper understanding of its
functions. Using the mathematical and nu-
merical models described above, itis pos-
sible to carry out virtual experiments on
the computer that would not be possible
using a real preparation. Furthermore, it is
possible to visualize and quantify results,
such as the distribution of forces or dis-
placements, which could not be observed
in real experiments. This means that the
simulations not only help in the transfer of
ideas from biology to technology, but also
contribute to a better understanding of the
biological structures—an approach also
referred to as “technical biology.”
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Potential applications of
segmented shells in architecture

Tobias Schwinn / Daniel Sonntag / Tobias Grun / James H. Nebelsick / Jan Knippers /

Achim Menges

In architectural research, pavilions play a special role because, as temporary struc-

tures, they present an opportunity to investigate specific issues without having to

fulfill all requirements for permanent buildings. The findings resulting from this

investigation can then be utilized in the design and implementation of permanent

buildings. In this contribution we describe the context in which the Rosenstein Tim-

ber Pavilion was created, and the special issues that were investigated in the pro-

ject, as well as the knowledge gained from it. In addition, we provide an outlook

on other current research topics in the field of segmented timber shells and their

application in architecture.

Pavilions as “models for thinking”

One of the essential and characteristic
features of research in architecture is the
possibility not only to answer research
questions on a methodical level but also
to gain knowledge based on built projects.
In this way a built project can become a
catalyst for new findings that go beyond
the knowledge of the disciplines involved
in the construction process. Pavilions are
particularly suitable for this type of re-
search because, in their function as tem-
porary structures, they provide the op-
portunity to emphasize specific questions
without having to meet the whole range of
functional and structural requirements of,
and demands on, buildings. In thisway it is
possible to test hypotheses, and the find-
ings can then be utilized in the design of
permanent buildings. Thus, pavilions are
not only vehicles for material experiments
or experimental construction methods,
but they are also “models for thinking”
on the basis of which new knowledge can
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be gained and also new questions raised
for research.

In this context, the Rosenstein Timber Pa-
vilion, which was designed for the Baubio-
nik—Biologie befliigelt Architektur exhibi-
tion, can be considered one of a series of
research pavilions that, since 2011, have
been created at the University of Stuttgart
in cooperation with biologists and paleon-
tologists from the University of Tibingen.
The preceding projects include the ICD/
ITKE Research Pavilion 2011, the exhibition
building at the 2014 State Garden Exhibi-
tion (Landesgartenschau) in Schwabisch
Gmiind, and the ICD/ITKE Research Pa-
vilion created in 2015-16. These pavilions
were used to investigate the transfer of
functional principles found in biology to the
design, construction, and manufacture of
segmented timber shells. It was possible
in this process to test hypotheses, validate
methods, gain new knowledge, and—along
the lines of models for thinking—ask new



research questions that were investigated
in subsequent projects. In addition to the
investigation and transfer to architecture
of certain developmental and structural
principles of the sand dollar skeleton (p. 104
see contribution on building principles and
structural design), the focus was on archi-
tectural, structural and production-related
questions and objectives. For example, in
the case of the Rosenstein Timber Pavilion,
this included the objective of optimizing
the arrangement of the plate joints from
a structural point of view, and of reducing
the thickness of the plates and hence the
mass of the loadbearing structure com-
pared with previous projects, while main-
taining the plates’ loadbearing capacity.

Hereinafter we therefore describe the con-
text of the development of the Rosenstein
Timber Pavilion, and the new knowledge
gained as a result of building the pavilion.
Furthermore, we will touch upon those ad-
ditional questions that are currently being
researched in follow-up projects, for ex-
ample the advancement of the develop-
ment of the construction systems, larg-
er spans, the issue of the sustainability of
segmented timber shells, and the issue of
extending existing buildings. Finally, we
will discuss the findings gained to date and
provide an outlook on the potential rollout
of segmented timber shell constructions.

Predecessors of the Rosenstein Timber Pavilion

As mentioned above, the design of the
Rosenstein timber pavilion was partial-
ly based on findings and questions ob-
tained/raised in the context of preceding
research pavilions. The first of these was
the ICD/ITKE Research Pavilion 20111 100,
for which researchers from the Institute
for Computational Design (ICD) and the
Institute of Building Structures and Struc-
tural Design (ITKE] in cooperation with ar-
chitectural students from the University of
Stuttgart researched historic timber pan-
el connections and reinterpreted these in
the context of digitally controlled produc-
tion methods available. In this context, the
researchers investigated the geometry of
the plates of the sand dollar skeleton,
in which the plates, three at a time, are
joined at one point, forming what is known
asaY-arrangement. They also looked into
the microscopic connection between the
plates of the sand dollar skeleton, which
was identified as the structural equiva-

lent of a finger joint. From an engineer-
ing perspective, this method of arranging
the plates made it possible to create a rig-
id loadbearing system using flexible con-
nections. From a manufacturing point of
view, the focus of this project was on the
integration of the production process with
the aim of achieving a continuous flow of
data from design to the digital control of
the machine tool, in this case an industri-
al robot with milling spindle. To this end,
special new processing cycles were de-
veloped that enabled the production of the
geometrically complex timber connections
and the multi-layer polyhedral shell seg-
ments.

The exhibition hall at the 2014 State Gar-
den Exhibition in Schwabisch Gmiind ™95,
101 that followed was designed and im-
plemented in the context of a research
and development project at the interface
between research and building practice.
The previous project had involved a great
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number of building components and com-
plex connection details; therefore, the ob-
jectives in this project were to reduce the
number of building components in rela-
tion to the area covered and to simplify the
construction of the shell without, howev-
er, diminishing the positive characteristics
of the structural system. In addition, the
knowledge of the digital design methods
and machine control was now to be ap-
pliedin practice. As a result, a segmented
shell was developed that consists of a sin-
gle loadbearing material plane of 50-mil-
limeter-thick beech veneer plywood. The
principle of the Y-shaped joining point of
the plates remained unchanged. The con-
nection of the plates primarily enables the
transfer of shear forces at the plate edg-
es and, with the help of crosswise screw
fixing, to a limited extent bending mo-
ments. From a design point of view, the
focus was again on the integration of pro-
duction—this time, however, with the aim
of ensuring the producibility of the com-
ponents during the design phase with the
help of agent-based modeling. If one were
to draw an analogy to a biological genea-
logical classification, the exhibition build-
ing with its single-layer segmented tim-
ber shell and its screw connection is the
direct ancestor of the Rosenstein Timber
Pavilion.
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7100 ICD/ITKE Research
Pavilion 2011. In this project,
historic timber connections
were investigated and newly
interpreted in the context

of the possibilities of digi-

tally controlled production.

However, in view of the fact that in the pa-
vilion at the 2014 State Garden Exhibition
the lowest possible structural limit of the
shell thickness was determined by the ad-
ditional screw connection, the focus for
the 2015-2016 ICD/ITKE Research Pavilion
[M02 was initially on alternative timber
connections. Having again been designed
and implemented at the interface between
research and teaching at the University of
Stuttgart, the focus for this pavilion was on
the plate connections of the sand dollar
sea urchin, and especially on the organ-
ic components that ensure the additional
stability of the sand dollar shell. The basic
hypothesis in this project was that timber,
as a natural fiber composite material in
the form of veneer, should be considered
and processed more like a textile, aniso-
tropic material than as a rigid, isotropic
material such as steel or concrete, or the
crosswise glued veneer plywood used in
the pavilion at the State Garden Exhibi-
tion. This textile approach paved the way
for the application of processing methods
used in the field of technical textiles, such
as laminating in order to control the bend-
ing stiffness of a component, robotic sew-
ing in order to prevent the delamination of
elastically bent components, and lacing
in order to simply connect building com-
ponents on the building site. The result



7101 Exhibition hall at the
2014 State Garden Exhibi-
tion in Schwébisch Gmund.
The self-supporting shell
consists of beech veneer
plywood with a thickness
of 50 mm. The characteris-
tic plate connection is able
to transfer, primarily, shear
forces at the edges of the
plates and, to a lesser ex-

tent, bending moments.

was a very lightweight segmented timber
shell made of elastically bent timber ve-
neers with a maximum material thickness
of 6 millimeters, which did not require any
traditional fasteners.

7102 ICD/ITKE Research
Pavilion 2015-16. In this
project, textile processing
methods for timber construc-
tion were investigated. The
pavilion consists of elastically
bent timber veneers with a
maximum thickness of 6 mm,
which are joined without any

kind of traditional fasteners.




The Rosenstein Timber Pavilion: a segmented shell

at the Rosenstein Museum

The Rosenstein Timber Pavilion is a prod-
uct of this development line, a demonstra-
tor for segmented timber shells that was
developed by the TRR141 Collaborative
Research Centre (Biological Design and
Integrative Structures] as part of the re-
search project entitled “The sand dollar
skeleton as biological example of seg-
mented shells in building construction.”
The pavilion is the result of cooperation
between the ICD, the ITKE, the Institute
for Structural Mechanics (IBB) at the Uni-
versity of Stuttgart, and the Invertebrates,
Paleontology, and Paleoclimatology Work-
ing Group at the University of Tibingen.

One of the key research questions inves-
tigated in this project was to what extent
the plate arrangement of the sand dol-
lar skeleton is the result of structural op-
timization. Starting from the construc-

[T103 Rosenstein Timber

tion-oriented optimization of the pavilion
at the State Garden Exhibition in terms of
its plate geometry, the development of the
Rosenstein Timber Pavilion focused on the
optimization of the plate arrangement and
the joint layout from a structural point of
view. To achieve that, the material distri-
bution within the sand dollar skeleton was
analyzed and modeled, and the loadbear-
ing behavior of the sand dollar shell was
simulated in order to be able to deduce
mechanical principles (p. 114 see also sea
urchin in 3D). In parallel, the agent-based
method of shell segmentation was extend-
ed in order to incorporate feedback from
structural analysis. As with the pavilion
at the State Garden Exhibition, the pro-
ducibility of the building components was
one of the parameters considered in the
modeling of the plates from the start of

lation layout through the ex-
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Pavilion. The global shape of
the pavilion is the result of
the boundary conditions of

the space in the Rosenstein

Museum, as well as the exhi-

bition concept and the circu-

hibition. From the perspective
of the visitors, the openings
in the segmented shell pro-
vide a frame for special ex-

hibits in the exhibition space.
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104 Optimization of the
plate arrangement. The plate
arrangement of the Rosen-
stein Timber Pavilion is the
result of structural optimiza-
tion, with the aim of reducing
the connection forces and
increasing the rigidity of the

overall structural system.

the design process. The structural opti-
mization of the overall shape and of the
plate and joint arrangement reduces the
forces acting in the plate connections and,
in addition, leads to greater rigidity of the
overall structural system 103, 104.

The result of the optimization is the spe-
cific plate arrangement of the Rosen-
stein Pavilion that consists of 92 polyg-
onal beech veneer plywood plates with a
thickness of 20 millimeters. With a weight

7105 Interior view of the
Rosenstein Timber Pavil-
ion. The pavilion itself is

an exhibit, but also frames
other exhibits along the ex-
hibition path, as in this case
the segmented shell made
of graded concrete, which
can be seen in the back-
ground between elements

of the timber pavilion.

of only 25.4 kilograms per square meter of
covered area, the shell spans about 7 me-
ters, which was made possible by the close
integration of parametric design, struc-
tural optimization, and robotic production.
The shape of the pavilion is based on the
specific boundary conditions of the Rosen-
stein Museum space, the exhibition con-
cept, and the circulation layout that guides
visitors through the exhibition. From the
perspective of the visitor, the openings of
the segmented shell provide a frame for
special exhibits in the extended exhibition
space. The pavilion itself is also part of the
exhibition, and unfolds its effect through
its material, its individual plate geometry,
and the lightweight structural system. Vis-
itors can walk around it and thereby ap-
preciate its characteristic connection de-
tails [M105-107.




The completion of the pavilion demon-
strated that the Clypeasteroida (the sci-
entific name of the sea urchin family to
which sand dollars belong) are suitable as
biological examples for segmented shells
in building construction. Not only was the
arrangement of the plates geometrically
optimized, for example for reasons of pro-
duction technology, but also the loadbear-
ing capacity of the segmented shell was

Discussion and Outlook

The findings regarding the plate arrange-
ment and joint geometry are particularly
important from a biological point of view
because they raise the question to what
degree these aspects are the result of evo-
lutionary conditions and what influence
mechanical factors have on them. From
an architectural and structural engineer-
ing point of view, it was particularly im-
portant to find out that there is a close in-
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106 Exterior view of the
Rosenstein Timber Pavilion.
The pavilion is a special
lightweight building with an
extremely low weight per ar-
ea, which has been achieved
with a shell that is extremely

thin compared with the span.

7107 Connection detail of
the Rosenstein Timber
Pavilion. The plates are
mitered at the narrow side.
The rounded finger joints
and crosswise arranged
fully-threaded screws make
it possible to transfer shear
forces at the plate edges
and, to a lesser extent,

also bending moments.

improved by optimizing the plate arrange-
ment and the joint geometry. If we apply
the method of reverse biomimetics [i.e.,
the application of traditional engineering
methods in biology), the structural analy-
sis of the sea urchin skeleton shows that
the plate arrangement and overall shape
in sea urchins is also determined by struc-
tural parameters.

terrelationship between global geometry,
component geometry, and joint geometry,
which much restricts the scope for finding
solutions for structurally viable segment-
ed shells. It must be said, however, that
the principles of these interrelationships
and their mechanisms have not yet been
fully understood. Furthermore, there are
other research issues that are being inves-
tigated in parallel and follow-up projects.



For example, a segmented timber shell
is being planned for the 2019 Federal
Garden Exhibition (Bundesgartenschau)
in Heilbronn, which is the subject of re-
search and building practice; the focus
here is primarily on the development of
the construction of the segments and their
connections, as well as on the develop-
ment of the manufacturing process. This
pavilion, which is to be completed by the
spring of 2019, will consist of about 400 in-
dividual robotically manufactured timber
segments and have a span of more than
29 meters 108, 109.

In parallel to the development of the
Rosenstein Timber Pavilion, the ecolog-
ical and economic effects of segmented
timber shells were investigated in anoth-
er research project. In this context it has
been possible to demonstrate, amongst
other things, that the two construction
systems for segmented timber shells de-
scribed above, which were developed for
the 2014 State Garden Exhibition and the
2019 Federal Garden Exhibition respec-
tively, have a significantly lower global
warming potential than comparable shells
made out of concrete and are not more
costly to produce.

7108 Visualization of the

timber pavilion for the 2019
Federal Garden Exhibition in
Heilbronn. The pavilion will
be completed in the spring of
2019, consist of 400 individ-
ual components, and have

a span of more than 29 m.

In the context of increasing urbanization
and the associated subsequent increase
in the density of cities, we are currently
also investigating the possibility of adding
additional space on top of existing build-
ings using lightweight segmented timber
shells. In this context, it is particularly
important that the shells can be adapt-
ed to the existing loadbearing structures
in terms of geometry and support condi-
tions M 110.

The relevance of segmented shells in
construction is increasingly borne out by
buildings that are going up outside the
confines of academia. Examples are the
Dagsturhytte (hiking cabin) near Hammer-
festin Norway and the Elephant House in
the Zoological Garden in Zurich. Never-
theless, the technical hurdles impeding
implementation are still considerable, in
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particular with respect to modeling, sim-
ulation, and production. For this reason,
additional research will focus on lowering
the technical hurdles that currently make
the application of segmented shellsin ar-
chitecture difficult.

The Rosenstein Timber Pavilion is a mile-
stone in the research and development of
segmented timber shells in terms of the
performance of its structural system and
the conservation of materials. As one of
the four demonstrators in the Bionik: Bio-
logie befliigelt Architektur exhibition, the
pavilion also shows the potential for trans-
ferring structural principles from biology
to architecture. As well, the research and
design history of the Rosenstein Timber
Pavilion shows how findings from teaching
and research can be transferred to build-
ing practice in a stepwise process. Tak-
ing the pavilion as a “vehicle” and mod-
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el of thinking, it is possible to formulate
research questions in the context of the
university, to suggest hypotheses, and to
test these across several disciplines; this
is generally not possible in the same way
in general building practice because of the
many disciplines involved and the lack of
integration. It is therefore important to
further promote the transfer of knowledge
to building practice. This requires, in ad-
dition to educating and training the next
generation of architects and engineers,
future research and transfer projects. The
aim is to be able to utilize the ecological
and economic potential of this new con-
struction method on a broader scale.

[7109 Construction details of
the timber segments of the
timber pavilion for the 2019
Federal Garden Exhibition.

Cover plate

Counter battens

—  Waterproofing layer,
bonded with overlaps
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110 Proposal for increas-

ing the density in an urban
context by adding space
on top of existing buildings
using lightweight seg-

mented timber shells
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Snails as living 3D printers:
free forms for the architecture
of tomorrow

Christoph Allgaier / Benjamin Felbrich / Frederik Wulle / Emna Khechine /
James H. Nebelsick / Achim Menges / Giinter Reiter / Renate Reiter / Armin Lechler /
Alexander Verl / Karl-Heinz Wurst

Snail shells are some of the most fascinating structures in the animal world. The di-
versity of shape and structure of the shells is astonishing. The soft body of the ani-
mals is capable of generating a high-strength material compound using a production
process that has developed over millions of years of evolution and is outstandingly
suited to a continuous process of shell building. In spite of the wide range of shapes
inthe different species and the immense diversity, all snails use the same formation
process, which is based on an additive procedure. When considered throughout the
growth phase of a snail, the process can be compared to a continuous 3D printing
process. However, unlike the additive print process, where the material is added in
stacks, snails add material from a gland zone at the edge of the shell. The study of

this process holds the promise of exciting innovations for production technologies.

Variety of snail shells

Snail shells can vary widely in shape; many
have bizarre shapes while others are es-
thetically very pleasing™111,112. Howev-
er, irrespective of how fascinating we find
these “works of art,” they are the product
of a living animal involved in a continuous
struggle for survival. Together with squids
and mussels, snails belong to the phylum
of mollusks (Mollusca). The soft body of
the snailis a constant target for predators,
and the simplest form of protection is an
armored exoskeleton that surrounds the
animal. This is all the more important in
view of the fact that snails can only move
relatively slowly, using a single muscular
foot on their underside. For this reason,
the scientific name of snails is Gastropoda
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(“belly-footed animals”). The snail shellis
produced by the soft body in special gland
cells. The body skin surrounding the inner
organs, the “mantle,” separates the shell
from the body.

Even though most snail species live in the
sea, snails have colonized almost every
habitat on earth during the 500 to 600 mil-
lion years of their evolution. Their shells
are correspondingly diverse. Marine snails
usually have thicker-walled shells com-
pared to those of land snails. Some snail
species have shells less than 1 millime-
ter thick, while others boast shells meas-
uring over 80 centimeters in length. Fur-
thermore, the shells are often sculptured
(i.e., formed into spines, ridges, or keels),
and/or the shell surface is covered with
protuberances, ribs, or a fine micro-sculp-
ture M 115.

7111 Snail shells with pro-
trusions such as spines, ridg-
es, and ribs or with roughly
ornamented surfaces. Green
line: shell margin and po-
sition of the mantle edge dur-

ing growth. Scale bar: 1 cm.

112 Different snail shells
show variations of the princi-
ple of a tube coiled around an
axis. Green line: shell margin
and position of the mantle
edge during growth. Right-
hand shell: longitudinal sec-
tion; arrow: the point where
the soft body is attached to

the shell. Scale bar: T cm.




Hard shell, ingenious core

The snail cannot leave its shell completely,
because at one point—on the inside of the
tip of the shell—it is fused with the shell.
When the soft body grows, the snail adds
substance to the external margin of the
shell, which results in the growth of the
structure. In more detail, the shell con-
struction involves two processes. In the
first step, an external organic form-giving
layer is created, and this is reinforced from
the inside with an inorganic materialin the
second step. The organ that constructs the
shell, the so-called mantle, first produces
a thin, protein-rich membrane called the
periostracum and then adds one or sever-
al hard layers of calcium carbonate [M113.
Ultimately, the shape of the shell is de-
termined by the activity of the living tissue
of the animal. The entire soft body of the
animal can move freely backward and for-
ward within the shell. In order to be able to
begin building the shell, the mantle edge
and the shell margin must come into con-
tact. Sometimes the activity pauses, for
example when the animal withdraws into
the shell. This means that the snail shell
does not grow uninterrupted, but in re-
peated phases.
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[7113 The shell consists

of two different layers, the
periostracum (P] and the
ostracum (0). Living snails
often have a shell with an
intact periostracum. How-
ever, as can be seen here,
it can sometimes be-
come detached near the

apex. Scale bar: 0.5 mm.

Shell growth throughout the entire width

The secretion of the mantle epitheli-
um takes place in a band-shaped zone
of productive tissue, the so-called man-
tle edge. In that region, the newly formed
periostracum is attached to the margin of
the shellin the periostracal groove and ex-
truded over the entire length of the peri-
ostracal groove, which occursin a continu-
ous process M 114. When it is still fresh, the
soft periostracum membrane is brought
into a certain form through typical move-
ments of the mantle edge. The layer then
hardens and, at the top end of the mantle
edge, is reinforced from the inside with
calcium carbonate, thereby completing
the shell, a material compound consist-
ing of an organic outer layer and an inor-
ganic inner layer.

Freely formed

During the hardening process of the new-
ly extruded periostracum layer, it is sup-
ported and formed by the mantle edge.
Many snail species are known for protu-



7114 The 3D print head of
the snail: The snail shell is
formed by the soft body at the
mantle edge with its many
glands. Two different forma-
tion zones are located in this
area. At first a flexible mem-
brane, the periostracum, is
attached to the existing shell
margin, which is extruded
from the periostracal groove.
Once this has hardened,
reinforcing calcium car-
bonate layers are applied
from the inside along a range
of glands located farther

up along the mantle edge.

The growth process does

berances and ornamental, three-dimen-
sional structures on the shell surface. All
these variations are generated by the re-
spective forming movements of the man-
tle edge during the growth at the margin
of the shell. This means that the design
of the shape of the shell takes place here.
When looked at in more detail, it can be
seen that the elements are repeated (i.e.,
they are periodic structures). The accre-
tional growth and form generation are
based on various construction programs
that are innate to the snail. Once a cer-
tain constructional activity has been com-
pleted, the mantle edge is reset for a new
form element. In the case of land snails,
these processes, which take place in pe-
riodic form in these snails too, create

not take place continuously
and therefore usually leads

to visible growth stripes.

Periostracum

Mantle edge

Shell Periostracum
[group)

Ostracum

Gland tissue

Hardened Periostracal groove

Flexible

Gland tissue

abpa ajjuep

the micro-sculptures that we frequently
findM115. The importance of these sur-
face structures in the micro-range is still
largely unknown.

[7115 Shell surfaces of
pulmonates (land snails
with a lung] with micro-
textures. Left: Roman snail
(Helix pomatia); middle:
Helicigona lapicida; right:

Monachoides incarnatus.
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116 Image of crystalline
areas in a monolayer of
poly-L-lactide acid (PLLA),
taken with a scanning force
microscope. The cutout of
the image is 20 um x 20 um;
the scale bar of 0-20 nm

is relevant for the height.

From biology to architecture

Structured biopolymer monolayers for
building up the formable periostracum
membrane

There are many diverse challenges that
have to be faced by the properties of the
periostracum membrane. Initially, the
membrane is very thin and soft, and can
therefore be formed easily. However, once
it has been formed, it must be stabilized
until it has chemically cured and hard-
ened, and is supported by growing cal-
cium carbonate layers. The mantle edge
plays an important role in giving the shell
its form and supporting it; furthermore,
the biological materials used for building
the shell must have properties that allow
this forming process to happen.

One important property is the ability of the
periostracum to emerge from the plane
into three-dimensional space at certain
places. At these places, the membrane
must be less stiff than in the areas that
are less heavily curved. One option for cre-
ating differences in the bending stiffness is
to modify the structure of the membrane.
In this context, this means that the mem-
brane is made up of units with different de-
grees of stiffness. For example, the base
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10 nm_

117 Image of partial-

ly crystalline areas in a
monolayer of poly-ben-
zyl-L-glutamate, taken with
a scanning force micro-
scope. The cutout of the
image is 2 um x 2 um; the
scale bar of 0-10nm is

relevant for the height.

lamella of the membrane can be soft and
flexible, and hard, stiffening structural ele-
ments are embedded therein, arranged in a
very specific pattern. When we arrange stiff
elements in a line, for example, the bend-
ing stiffness along this line will be greater
than in other areas of the membrane. Pol-
ymer physicists use this principle in the
production of ultra-thin layers made of so-
called biopolymers. These molecules are
simplified models of the protein molecules
of the periostracum. Using a self-assem-
bly method at the water surface, it is pos-
sible to initiate crystallization of these mol-
ecules in some areas, where they become
hard and stiff. In other areas, however, the
biopolymers are in a softer and more flexi-
ble state. The spatial arrangement of these
structure elements is significantly influ-
enced by the properties of the molecules
and the preparation conditions of these ul-
tra-thin layers. This can be illustrated with
the examples of the monolayers of a poly-
lactide and polypeptide [7116,117. The pre-
sented images show that it is possible to
generate different arrangement patterns
of the hard, stiff areas. This approach can
be used for a targeted modification of the
membrane’s bending stiffness.



From the snail shell to the building
envelope

The continuous growth process of a snail
shell can be compared to additive man-
ufacturing processes, the principles of
which are also based on the addition of
material. However, when taking a clos-
er look at the growth of snail shells, we
can detect that the growth principles are
different from the conventional methods
in manufacturing technology. Taking into
account the biological example and tech-
nical possibilities for implementation, the
function principles are described below
using a model M118. This model is used
for transferring the innovative bio-inspired
approaches to the manufacture of compo-
nents for use in architecture.

The biomimetic model focuses on the
functional separation into a form-defin-
ing and a loadbearing layer (in the snail,
periostracum and ostracum). First, the
form-defining layer generates the form
and it is then reinforced with the struc-
tural loadbearing layer, which adapts to
this given form. In order to produce an en-
velope, both layers are generated flat in
the direction of growth. The growth can
be in any direction, which means that the
envelope can be curved. A shape with a
double curvature is generated by an ad-
ditional deformation of the form-defining
layer in cross-section. In the extrusion
process, this post-extrusional forming
takes place when the material is soft and
formable. During this part of the process
itis also possible to create other textures,
such as patterns on this layer. This sub-
sequent modeling of the printed shell can
be adapted to suit special functions (e.qg.,
self-cleaning). The necessary strength of
the form-defining layer for the stability of
this of the continuing manufacturing pro-

Shell

Calcium carbonate layers

Water

Periostracum

Periostracal groove

Mantle edge

Fiber loops
Sprayed
concrete

Plastic shell

Postforming

7118 Biomimetic transfer:
biological snail shell growth
(top]; model of techni-

cal manufacture of build-

ing envelopes [bottom).

cess is achieved with targeted hardening of
the material. In the technical implementa-
tion, the connection between the two lay-
ers has to take place differently from the
biological example, because scaling ef-
fects do not permit simple bonding of the
loadbearing layer to the substrate.

The extrusion of a plastic shellis limited to
a certain width. In the case of the snail, the
membrane sides are connected to the ad-
joining snail shell. This connection strat-
egy of the membrane sides that occurs in
nature is modified in the technical appli-
cation (i.e., several lengths are arranged
next to each other in order to achieve a
wider envelope).

The innovative approaches of this bio-
mimetic model—the function principles
of the snail—are now transferred to the
manufacturing technology for manufac-
turing building envelopes. To do this, fib-
ers and sprayed concrete are used in ad-
ditive manufacturing in addition to the
customary plastic materials.
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3D print technologies make it possible to
design forms freely and to use several ma-
terials functionally in one component. In
the fused layer modeling process (FLM],
thermoplastic filament is heated beyond
its melting point and deposited in layers
as threads above each other. The conven-
tional FLM process is based on extrusion
from a relatively small circular nozzle. To
produce a membrane in this way, the print
head would have to move along several
lengths of each layer, step by step, which
is not very efficient for the creation of such
a structure. For this reason, we pursue
the biologically inspired approach of con-
tinuous shell extrusion in the direction of
the structure. Technically, this is imple-
mented using a plastic extruder that pro-
cesses granulate. The material is heated
and melted therein and then extruded. The
extruded material ends in a wide-slotted
nozzle that forms a thin, wide component.
Through the movements of the extruder
in space, this membrane can be created
in almost any shape. Then the warm and
flexible structure is actively cooled using
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M9 Test specimen con-
sisting of several 8-cm-wide
HDPE strips welded together,
including fiber loops for the

connection with the concrete

airflow in order to harden it and hence
make it resistant to form changes.

The plastic shell is printed in individu-
al lengths that are then welded togeth-
er. This produces the form-defining layer,
which is then reinforced with concrete that
is sprayed on. In order to achieve a bet-
ter connection between the plastic mem-
brane and the concrete, fiber loops are wo-
ven into the shell. In this way it is possible
to manufacture an almost free-form sol-
id envelope that, in addition, has special
characteristics, such as water permeabil-
ity or the ability to self-clean " 119.

Intelligent form design

In recent years, the 3D printing process
and, in particular, the FLM have become
significantly more popular with architects
and designers. The reason for this is their
versatility in application when the path
involves the relatively quick and simple
manufacture of complex forms, together
with their uncomplicated technical struc-
ture. As a result, this method of additive
manufacturing has become a popular tool
in architectural model building.

FLM-related techniques are also used for
actual-sized buildings. Here, much larger




3D printers are required than are avail-
able in the trade, and use other materi-
als such as concrete or clay. In their basic
function, however, they hardly differ from
their smaller relations: a nozzle is moved
in three directions (x, y, z) and deposits
materials on top of each otherin horizon-
tal layers. Architects who work with this
method have to produce a building design
in the form of a virtual 3D model. Intelli-
gent software then translates this virtual
geometry into machine commands that
are executed by the respective “printer.”

However, this way of functioning involves
considerable restrictions. By depositing
material on previous layers, it is not pos-
sible to create overhangs without expen-
sive support structures, which heavily re-
stricts the achievable form diversity. As
well, the application of fine textures on
printed components is possible only to a
limited extent, and the structures are fre-
quently still quite coarse due to the out-
put of large quantities of materials. This
is where snails may be able to help—as a
source of ideas for large-format 3D print-
ing techniques. The manufacturing meth-
od in the form of a continuous shell extru-
sion presented here was inspired by this
biological examplel120. However, the de-
sign process obviously changes due to the
larger space that has to be filled and the
degree of texturing. As a result, a virtual
model can no longer be split up into hori-
zontal layers as before. In view of the fact
that the fabrication machine is consider-

ably more complex, the forms to be creat-
ed can be designed with greater freedom,
but this also involves a more complicated
machine control system. Furthermore, it
is possible that the printed thermoplastic
layer undergoes deformation before the
concrete is applied and assumes a slightly
changed form.

In order to be able to predict these as-
pects, we simulate the entire fabrication
process at an early stage in the architec-
tural design.

This means not only that the form of the
printed component fulfills the require-
ments for spatial quality and strength,
but that efficient manufacture can also be
guaranteed. It must be said, though, that
conventional approaches to computer-as-
sisted design reach their limits at this
point. Modern solutions based on robot-
ics may be able to assist in this situation;
in these solutions, an imagined control
unit—a so-called robotic “agent”—is used
to assist in the development of favorable
construction strategies with the help of
various optimization methods. Based on
such an “agent” or “behavior-based” con-
trol mechanism, the computer supports
architects in assessing the advantages and
disadvantages of potential solutions in ex-
tremely complex simulation environments
and in making relevant decisions. For ex-
ample, in this process it is possible to in-
clude the foreseeable deformation of the
shell and the limited working space of the
printing robot in the design of the shell.

7120 A component with a
complex form is created us-
ing the stepwise application
of additional polymer strips
(dark]. This is reinforced
with sprayed concrete (light]

in a step-by-step process.
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Evolutive approaches to
explorative design methods

in architecture

Yaron Malkowsky / Anna K. Ostendorf/ Nico van Gessel / Long Nguyen / Daniel Lang /
Achim Menges / Anita Roth-Nebelsick / Ralf Reski

Current studies on the evolution of selected moss species reveal exciting new in-

sights into the genetic mechanisms that lead to the creation of new species. One of

these moss species, the spreading earthmoss, has been used in science as a mod-

el organism for many years, and its genetic information has been completely de-

crypted. This makes it and other members of its family ideal research objects for

the transfer of these genetic mechanisms into algorithms—defined computational

processes—and for their use in the developmental process of product design and

architecture.

There is no doubt that no theory on the
origin of species has molded our under-
standing of the worldwide diversity of
species (biodiversity) in the same way as
Charles Darwin’s theory of evolution. Al-
though Darwin was not the first to tackle
this question in his studies, his work—for
the first time—presented a comprehensive
and well-founded approach that explains
the underlying mechanisms of evolution.
Based on the observations he made during
his research trips, and his work on the bi-
ological materials collected and the fossils
found on these trips, Darwin established
the basic pillars of his theory, which he
published in 1859. Fossils reflect the con-
tinuing changes occurring in nature. They
make it possible for us to draw conclu-
sions about shared ancestors within line-
ages. Evolution is a process in which spe-
cies evolve from their ancestors in small
steps. Darwin described the force driving
evolution as natural selection. Changes
can only take a foothold when they prove
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viable in the predominant environmen-
tal conditions. However, for new species
to become established, they need to go
through a process of reproductive, behav-
ioral-biology, seasonal, geographic, or ge-
netic isolation within a group of individuals
of a species, what is termed a population.
Over the course of the 20th century, Dar-
win’'s theory of evolution was expanded by
the field of genetics. The theory was fur-
ther underpinned by the advent of popu-
lation genetics, by the discovery of DNA'
as the carrier of genetic information, and,
lastly, by the development of scientific
methods in molecular biology and bioin-
formatics.

M See glossary p. 141



Evolution as the driving force of diversity and variation

A basic tenet of evolutionary theory holds
that the increase in morphological diver-
sity—the diversity of shape and form in
the blueprints of living beings—is made
possible through genetic changes and se-
lection. Nowadays, biologists can trace
these changes to the genetic code of the
species, its genome, or even down to the
single genes of an individual. In this case,
the small changes described are ran-
dom mutations of the DNA components.
Such mutations can often be detected and
characterized. In spite of this, it is mostly
impossible to link these directly with a cer-
tain functional change or morphological
characteristic. Instead, it has been shown
again and again that biological processes
are based on highly complex genetic net-
works of different genes and their gene
products. They depend on constant feed-
back between genes and their products,
and from the respective environment. Put
simply, genes are translated from a DNA
sequence into a sequence of transition
molecules of RNA components and then
finally into a proteinl™121. Modern methods

Replication

DNA

RNA

Protein

in molecular biology have made it possi-
ble to find out how highly regulated each
of these steps is. This regulation applies to
the accessibility of a gene on the DNA, to
the activation of its decoding, to the struc-
ture of the RNA molecules and their sub-
sequent modifications, through to the lon-
gevity of a protein after its formation. There
is also the fact that not only proteins but
also RNA molecules themselves can per-
form a wide range of biological functions.
In eukaryotic organisms—creatures with
a cell nucleus—the protein-coding genes
are usually made up of exons and introns.
Exons are areas that contain information
for the structure of proteins. The introns
lie in between these and do not have a cod-
ing function, that is, they do not contain
information. The process of removing the
introns is called “splicing.” It is an indis-
pensable step in the process of producing
a functional protein. However, sometimes
parts of exons are also removed in the pro-
cess, which leads to a new gene product,
and hence—possibly—to a new function
of a protein. This process is referred to as

121 The path from the DNA
to the protein is a closely
dovetailed and highly reg-
ulated biological process.
Top: duplication of the DNA
as part of cell division [rep-
lication). Middle: decoding
Transcription functional sections on the
DNA [gene] and translating
into RNA molecules (tran-
scription). Bottom: trans-
Translation

lating the RNA molecules

into a protein (translation).
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“alternative splicing.” In this way it is pos-
sible that additional gene products with
a changed function are created without
there being further genes in the genome.
In addition to the protein-coding genes,
a large part of the genetic information is
composed of so-called noncoding DNA.
We know today that a large part of this
noncoding DNA contains transposons.
These regions of DNA can spread them-
selves or copies of themselves in the ge-
nome through “jumps.” When they car-
ry out these jumps, they are able to also
transfer adjoining DNA sections. This can
lead to a dramatic change in the overall
genome, and may explain how new genes
are generated. Therefore, in addition to
the exterior adaptation of shape and func-
tion, organisms are also subject to pro-
cesses on the genetic level that favor the
creation of diversity. Even though such ge-
netic mechanisms are obviously critical in
terms of evolutionary development, their
role in the emergence of new species re-
mains largely unclear.

Mosses and genetics

For the investigation of evolutionary pro-
cesses at the genetic level, it is important
to choose a suitable group of organisms
that has already been well researched. An
example is the Funariaceae, a family of
mosses that does not contain too many
species and includes the small spread-
ing earthmoss [M123. Funariaceae occur
worldwide on open or disturbed surfac-
es. In these places they grow eitherin sin-
gle tufts or in the form of loose turf. The
part of the moss plant that carries the
leaves is called the gametophyte. Game-
tophytes have small, rosette-like stems
surrounded by small leaves. On the side
facing the substrate they form stringy,
root-like structures (rhizoids) for the pur-
pose of anchoring. Following fertilization,
a sporophyte grows on the gametophyte.
It consists of a spore capsule on a stem,
which often extends above the moss cush-
ion. Inside the spore capsule, spores are
formed that are hardly visible to the naked
eye. In Bryophytes, the opening mecha-
nism of such a spore capsule is often ex-
tremely sophisticated. Within the Funar-
iaceae, there are considerable differences
between the species. The range of forms
includes spore capsules with complex




[™122 Intricately construct-
ed spore capsule of the
tropical Funariaceae species
Funaria calvescens with a
sophisticated toothed rim
along the capsule open-

ing, which allows the spores
to discharge depending

on the relative humidity.

toothed rims at the opening of the cap-
sule that can open or close depending on
the relative humidity 122 through to com-
pletely closed, spherical spore capsules
whence spores can emerge only when the
wall of the capsule tears open [M124.

The spreading earthmoss of the Funar-
iaceae family is an annual plant, which is
visually rather inconspicuous. It can often
be found at the banks of drying-up lakes
and in floodplains[125. The spores of this

pioneering species can survive long peri-
odsinthe ground and, given the right con-
ditions, can grow up quickly when it col-
onizes open areas in small tufts. The life
cycle of the spreading earthmoss is very
short, lasting approximately eight weeks,
and is ideally completed before the water
level rises again. The spore capsule looks
like a simple sphere. It does not have any
complex structures that would facilitate
the release of the spores. In spite of its

7123 Typical Funariaceae
representatives. From left

to right: the bonfire moss
[Funaria hygrometrica), the
Norfolk bladder moss [Phy-
scomitrium eurystomum),
and the spreading earthmoss

[Physcomitrella patens).
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[T124 Independent of wind

and weather—the spore

capsule of the spread-
ing earthmoss simply
bursts open as soon as

the spores are mature.

inconspicuous appearance, for years the
spreading earthmoss has been used inter-
nationally as a model organism for biolog-
ical studies. The fact that it can be easily
cultivated in the laboratory, as well as its
short life cycle, means that it is an ide-
al research object, making it possible to
study how plants adapt to new habitats, for
example. Thanks to specific methods and
the successful mapping of the genome of
the spreading earthmoss in 2008, molecu-
lar biologists are able to generate specific
changes in the genetic code and thereby
activate or repress specific genes.

What we can learn from the genetics
of moss

Not knowing that DNA carries the genet-
ic information, Darwin posited that geo-
graphicisolation and a resulting barrier to
reproduction is a driving force in the evo-
lution of species. However, as shown in
molecular biology, spontaneous chang-
es in the genome can also lead to repro-
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125 Drained lakes or
dried-out riverbanks are the
typical habitat of the spread-
ing earthmoss. At such lo-
cations the plants have little
time to fulfill their life cycle
and produce spores that can

survive the next flooding.

ductive isolation. Using the Funariaceae
as models, it is now possible to find out
how changes in the genomes are related
to morphological and functional innova-
tion and diversity.

Such changes may involve the duplica-
tion or shifting of parts of the genome, or
whole genome duplication. In the case of
the Funariaceae investigated here, these
occurred time and again in the course of
evolution. For successful sexual reproduc-
tion of eukaryotes and the number of pa-
rental chromosomes—the DNA packaging
units—must equal. Therefore, a duplica-
tion of the chromosomes owing to genome
duplication represents a barrier to repro-
duction. It is assumed that the evolution
of morphologically simpler species such
as the spreading earthmoss and its close
relatives is characterized by duplication
events and the subsequent loss of individ-
ual chromosomes. But there are other fac-
tors, such as the transposons described
above. Perhaps the conspicuously varia-
ble form of the spore capsule can also be
traced back to such changes[ 12s.



126 A direct compari-
son of the size of (A] bonfire
moss, (B} Norfolk bladder
moss, and (C] spreading
earthmoss illustrates how
different the spore capsules

of the Funariaceae can look.

Evolutionary design

In biology, every manifestation within a
population is primarily based on a genome
(i.e., the genetic information of an individ-
uall. These genomes have mutated in the
course of evolution. In sexual reproduction
they are combined with each other so that
a new set of variants is created in the fol-
lowing generation.

Using so-called evolutionary algorithms, it
is now also possible to apply these mecha-
nisms in the field of evolutionary design of
products, architecture, and art. Everything
starts with a simple population, the digi-
tal genomes of which—in the form of nu-
merical series—present random design
variations. Gradually, new design variants
are created through step-by-step muta-
tion and the re-combination of the digi-
tal genomes. As in the natural selection
process, every design variant is evaluated
against defined design criteria and only

the good ones are retained for the next
evolutionary step. Over time, this leads to
continually improving variants until final-
ly a set of best suitable design variants
is achieved. Normally, the sole purpose
of these processes is the improvement
of certain factors. However, an important
characteristic of evolutionary process-
es is their strength of innovation, which
again and again produces surprising new
results. It follows that evolutionary ap-
proaches in design may lead not only to
optimization but also to the exploration
of new solutions.
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Transfer of evolutionary mechanisms
to evolutionary design

The objective is to use selected genetic
mechanisms of biological evolution to de-
velop algorithms that allow the design to
evolve analogously to the processes in na-
ture. This makes it possible to utilize the
innovative power of evolution and to pro-
ceed along new avenues in product de-
sign and architecture. However, two as-
pects must be taken into account in this
endeavor: firstly, the variability of the size
of genomes, and secondly, the importance
of the noncoding DNA.

The digital genomes used in evolution-
ary design usually have a fixed size. This
represents a simplified working model
and reduces the computing time required.
However, the variable size of genomes
of the different species of Funariaceae
illustrates that it is important to be able
to modify the size of the digital genomes
generated on the computer over the
course of the evolution. Another factoris
the simplified relationship between the
genome and the resulting design com-
pared to nature. In order to achieve free
evolution of design these simplifications
must be eliminated. Furthermore, the
presence of noncoding DNA indicates that
not every variable in the digital genome
has to have a mandatory direct influence
on the design. The seemingly superflu-
ous variables are not necessarily deci-
sive for the design of the following gen-
eration. However, if they are assessed as
potentially useful as part of the selection
mechanism, they are retained as part of
the genome.
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The part of the algorithm that converts the
digital genome into a design is also re-
ferred to as digital embryogenesis. In bi-
ology, embryogenesis describes the devel-
opment of the embryo following the fusion
of the genomes of the egg and sperm cells.
This analogy with biology indicates how
the new type of design develops from the
digital genetic makeup. The embryogen-
esis must be sufficiently complex that it
does not limit the diversity of the possi-
ble design results and, at the same time,
that it is able to benefit from the growing
size of the genome. Tests carried out to
date indicate that the complexity of this
digital embryogenesis has heavily influ-
enced the outcome of high-quality design
variants. The structures that contribute to
the evolution of the individual moss plant
are similarly complex. Even though it is
relatively easy to understand the individ-
ual steps involved, it is difficult to grasp
how they all work together. Assuming that
the developed evolutionary algorithm is
helpful in solving the one specific design
problem, it doesn’t necessarily follow that
this will apply to all design problems. The
applicability of the evolutionary algorithm
therefore depends heavily on the type of
design problem and the algorithm has to
be readjusted every time[ 127.

The above prerequisites must be met be-
fore the genetic mechanisms of biologi-
cal evolution, such as genome duplication,
can be simulated digitally. Furthermore,
processes such as alternative splicing or
transposon jumps make it possible for
new products to be created from one and
the same gene. These different variants
will then again be the starting point for



new design variants. We can conclude that
understanding the processes underlying
biological evolution and theirimplementa-
tion in evolutionary algorithms constitutes
a key to fully utilizing design diversity and
design innovation in product design and

architecture.

Algorithm

Chromosome

DNA

Embryo-

genesis

Encoding

Eukaryotes

Exon

Gene product

Genome

Glossary

Stepwise process or set of rules

to be followed in calculations

Packaging unit of the DNA

Deoxyribonucleic acid, molecule,

carrier of genetic information

Development of the embryo
after the fusion of the genome
of the egg cell with that

of the sperm cell

Containing information for

making a gene product

Organisms in which the

cells have a cell nucleus

Coding section of a gene that is

decoded to produce a protein

For example, a protein pro-
duced after a gene has been

transcribed and translated

Total of the genetic

makeup of a creature

Intron

Molecule

Morphological

Mutation

Protein

RNA

Splicing

Splicing,
alternative

Transposon

7127 Development of

urban apartment blocks
(dark gray] using evolution-
ary algorithms. In this case,
a specified genome size
was used together with a

complex embryogenesis.

Noncoding section of a gene

that has to be removed before

the transcript is translated

Contains at least two equally linked atoms

Relating to exterior shape or form

Spontaneous modification

of the genetic makeup

Protein molecule

Ribonucleic acid, a transition molecule
that is created when decoding the DNA
and is used le.g., as a pattern for proteins]
Removing the intron sections of a gene
Removing the intron sections inclu-

ding certain parts of the adjoining exon

areas or incomplete intron removal

DNA area that can spread itself or copies

of itself in the genome through jumps
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BRANCHED LOAD

SUPPORT SYSTEMS

Jan Knippers / Thomas Speck

Branched systems are of fundamental im-
portance in all domains of nature. In the
context of building construction, systems
that transfer forces are of particularinter-
est—for example, the crown of a tree, the
reinforcing veins in the wings of insects,
the widely spread web of a spider, or the
inner structure of a bone. The latter con-
sists of many small bone trabeculae that
form a branched system of compression
and tension struts, which stabilizes the
bone at the exact points where loads im-
pact on it.

It is said that Gustave Eiffel took this as
an example for the design of his famous
tower in Paris. Whether this is actually
the case is not undisputed, but Eiffel was
certainly an ingenious engineer, and his
312-meter-high tower was the world’s
highest building for many years. It con-
sists of 7,300 metric tons of iron, which,
melted down, would result in a cube with
an edge length of less than 10 meters. Eif-
fel belongs to the generation of engineers
who, in the second half of the 19th centu-
ry, promoted construction with iron. To-
wards the end of the 19th century, railway
station buildings and bridges were built
with clear spans that would have been
completely unthinkable a few years ear-
lier. They are constructed in the form of
branched iron frameworks in which the
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orientation and dimension of each individ-
ual member has been designed exactly to
suit the respective load, just as is the case
in a bone. Branched frameworks such as
that of the Eiffel Tower are drawn and cal-
culated, manufactured to the exact detail,
and finally assembled. In the nodes of the
frames, the forces come together and are
diverted. At these highly loaded points, the
construction is joined together by bolting
or welding, or in some other way. The
nodes are the points in the construction
that need the most careful consideration.
By contrast, plants, bones, and other nat-
ural branching systems are generatedina
continuing growth process. In this process
they not only grow in size but, at the same
time, continuously adapt their shape and
inner structure to the forces acting upon
them, and in that way change and improve
their loadbearing capacity. There are no
joints or other discontinuities. Like the
bone trabeculae, all twigs and branches of
atree are homogeneously grown together.
Plants are of particular interest because
they develop quite different forms of ram-
ification. Some feature a main axis from
which significantly smaller side shoots
branch off. In others, the main axis itself
divides into two or three main axes of (al-
most) identical size, which in turn under-
go further ramification. Within these two



main groups in the world of plants we can
find innumerable different types of ram-
ification, which are capable—sometimes
with very different structures—of reliably
supporting the load of their own weight, as
well as the wind and snow loads impact-
ing on them.

Using modern imaging processes such
as microcomputer tomography (u-CT) or
magnetic resonance tomography (MRT), it
is possible to investigate not only the ex-
terior shape but also the inner composi-
tion of such biological ramified structures
and to compare them with each other.
The resulting digital images can be trans-
ferred—via a few intermediate steps—into
an engineering simulation model that can
provide information on the inner stress and
deformation conditions, and hence on the
mechanical function and capability of the
ramified plant structure.
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From plant branchings to
technical support structures

Katharina Bunk / Florian A. Jonas / Larissa Born / Linnea Hesse / Claudia Méhl/
Gotz T. Gresser/ Jan Knippers / Thomas Speck / Tom Masselter

Bridges and roofs are often supported by branched steel columns. Their production
is usually expensive and consumes a great deal of energy. In nature, plants manage
to form similarly strong and frequently even more complex branch systems through
natural growth processes. They can effortlessly withstand mechanical loads, such
as their own weight, wind pressure, snow load, or the heavy weight of fruit. In order
to find out about the success strategies of ramified trees and shrubs and to learn
from them for architecture, we need more than a detailed look at the form of ramifi-
cation and inside the plants. We also need computer models and new materials and

methods for the production of branched support structures in building construction

to succeed in transferring the biological concepts to technology.

Plant branchings as example and inspiration

Trees and shrubs look very different from
one another. Even within one species
there are sometimes big differences in
size, appearance, and the form of growth.
The same applies to the connections be-
tween trunk and branches, and the branch
ramifications themselves. Depending on
the form and size of the plant, as well as
various external factors, a wide range of
branching patterns are formed. An impor-
tant role is played by external and inter-
nal forces acting on the plant, such as the
plant’s own weight, sometimes involving

mighty branches or heavy loads of fruit,
and strong effects of the weather such as
wind or precipitation. In addition, plants
constantly compete for sunlight. The suc-
cessful plants are the ones that can out-
do their competitors in height and width,
by growing taller and/or by more effec-
tive ramification. As the result of all these
factors, a huge diversity of branching pat-
terns exists[™128. How can we find suitable
models from this profusion for the optimi-
zation of architectural support structures
for buildings or bridges?

[7128 The Oriental paperbush
(Edgeworthia chrysantha/
shows hierarchical branch-

ings in height and width.



[T129 Detail of the ramifica-
tion of the Oriental paper-
bush [Edgeworthia chrysan-
tha/, with three branches of
almost identical diameter
(left), and branched col-
umns at Stuttgart Airport—
each with three or four

equivalent struts (right]

In this context one must always remem-
ber that a direct transfer is not possible.
Even though they look similar, the ramifi-
cations of plants and architectural struc-
tures differ in many aspects[129. Plants
can react to specific local loads through
increased growth and by depositing ma-
terial in certain regions. By contrast, sup-
port structures in construction are stat-
ic. Likewise, the functions of the support
structures differ in nature and technology.
In plants, these structures are responsi-
ble not only for mechanical stabilization
but also for the transport of water to the
side branches, leaves, and fruit, and for the
transport of photosynthesis products (sug-
ars) from the leaves to the storage organs.
In technical applications, support struc-
tures primarily serve structural stability
but, increasingly, are also used for other
functions, such as integrating, for exam-
ple, drainage, ventilation, heating, or light-
ing. Plant ramifications are not connect-

ed at their apices. When exposed to load,
they are forced to bend downwards (e.g.,
under snow loads or fruit hanging from
the tree) or are deformed laterally (e.g.,
through wind load). This leads to bend-
ing stresses in the branches. In architec-
ture, branched columns mainly carry roofs
or flat elements that connect the ends of
the columns firmly with each other. In this
case, the imposed forces act for the most
part in the direction of the columns. Con-
sequently, when looked at in more detail,
the term “tree column” does not fit very
well for the designation of these branched
architectural columns. A direct transfer
or a copy of nature is not something that
promises to be successful for the reasons
stated. If we want to draw lessons from
natural branchings for technology, simpli-
fication and abstraction of the basic func-
tional principles is always necessary.

Why branched columns?

One success strategy of plants is to cre-
ate as large a (leaf) surface as possible
for harvesting energy from sunlight with
as little building material as possible. The
ends of the trunks and branches are not
restrained. At these points the plant con-
tinues to grow. By contrast, the ends of the
branched supporting elements in buildings
are firmly attached to other parts of the
building. Often they are directly attached
to the roof of the building. The advantage
of branched columns versus unbranched
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columns is obvious: the structure to be
supported—for example a roof—can be
more slender and more lightweight, be-
cause the distances between the end-
points of the branched supports are small-
er. Furthermore, a roof construction with
branched columns at the same height as
a roof construction using unbranched ele-
ments—with the same quality of support—
provides significantly more open space on
the floor. In view of the fact that the form
of the branched columns affects the load
transfer and the thickness of the columns,
the design is aimed at finding the most
favorable form.
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[7130 The columnar
cactus [Cereus sp.] has
constrictions between the
stem and the often large

and heavy side branches.

A wide choice

Most trees we are familiar with from our
local forests and parks have substantial
lateral branches. These “typical tree ram-
ifications” are characterized by their size,
their mechanically strong wood, and their
growth rings, which in our latitudes are
quite pronounced.

However, when searching for biological
role models, our attention is also fre-
quently drawn to branchings of a some-
what different kind. These sometimes
don’t reveal their special features until
looked at more closely, but there's more
to it. For example, columnar cacti are fre-
quently (much) thinner at, of all places,
their points of ramification—seemingly the
points where strength matters most—than
at their stem and side branches, which is
a result of the way the side branches are
grown [M130. Together, biologists and en-
gineers were able to demonstrate that
the form of this narrowing at the point of



7131 Canary Islands
dragon tree (Dracaena
draco] with numerous

hierarchical ramifications

branching constitutes a special adaptation
of the columnar cacti, which store large
and heavy quantities of water in the cortex
of their stems which enable them to sur-
vive phases of drought. This form of the
branching region facilitates the distribu-
tion of mechanical loads in the main stem
and the side branch, making it possible to
support greater loads.

The dragon tree too (genus Dracaena),
which ranges from small houseplants to
imposing trees 7131, employs a special
trick for forming strong ramifications. Lig-
nified fibers embedded in soft ground tis-
sue are adapted in arrangement and ori-
entation to the loads acting on them M32.
In this way, the branching region is remi-
niscent of fiber-reinforced composite ma-
terials like those used in lightweight con-
struction for the manufacture of sports
articles or parts of automobiles, as well
as, increasingly, in building construction.

7132 Longitudinal section
through the branching
of a Dracaena marginata

tree. Scale bar: 1T mm.
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7133 The dwarf umbrella

tree (Schefflera arboricola,
left] has in its ramifications  cortex is removed from
finger-shaped elements

that connect the branch

The secret of the Araliaceae

Another very special stem-to-branch con-
nection can be found in the dwarf umbrel-
la tree (Schefflera arboricola), which is a
popular houseplantl™133. At first glance,
seen from the outside, its ramification ap-
pears to be quite ordinary, but a look inside
brings one or two surprises.

When we cut off a branch of the dwarf um-
brella tree and remove the green tissue
(botanically: cortex or bark], a ramifica-
tion is revealed that consists of finger-Llike
wood strands. These run individually from
the main stem into the branching and
only merge into a solid side branch there
[M133. This type of ramification can also be
found in other species of Araliaceae, but
up until now it could not be detected in
any other plant family. But here too, the
same applies: no finger-like ramification
is 100 percentidentical to any other, which
means that each ramification looks a lit-
tle bit different, differences being found in
the number of individual strands, the em-
bracing of the main stem by the fingers,
and the gaps between them. Is this type of
ramification a strategy of the Araliaceae
to save material, or is its main purpose to
avoid critical loads?
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with the main stem, which

are not visible unless the

the lignified part [right).

7134 The X-ray imag-

ed obtained via computed
tomography show the
emergence, path, and
Joining of the individual
“fingers”in a branching of

the dwarf umbrella tree.

In order to answer these questions, the in-
ner structure of the ramification was ana-
lyzed in more detail. By making very thin
cross-sections (thinner than a sheet of pa-
per) through the ramification, it is possi-
ble to investigate the individual fingers in
detail and to follow their path throughout
the entire branching region.

In order to understand how such ramifica-
tions are developed, test plants are decap-
itated (i.e., cut off at their tips). The plant
reacts to this injury by forming a ramifica-
tion below the cutting point, which we can
witness with the help of time-lapse pho-
tography. In addition, some of the plants
are scanned using high-resolution com-
puted tomography, a process that is sim-
ilar to X-ray photography in the hospital.
This provides insights into the inner struc-
ture of the ramification and also facilitates
a detailed three-dimensional reconstruc-
tion of the exterior shape—both important
steps from the biological role model to-
wards a technical implementation and, at
the same time, the key interface between
biologists and engineers [ 134.



From the plant to the computer model

Advanced technical methods such as com-
puted tomography make it possible to gen-
erate digital three-dimensional images
from real objects. Based on these imag-
es, itis possible to build models and carry
out mechanical simulations on the com-
puter (e.g., in order to investigate the in-
fluence of various forces on a ramifica-
tion)[M135. This helps to answer important
questions, for example, for what type of
load is a certain ramification particular-
ly suitable? How is the form of the plant
adapted to naturally occurring loads?

0 20 mm

Similarity between the branchings of
plants and those in architecture is sought
not only in the external shape but, above
all, in the loadbearing function. In order
to be able to investigate the behavior of
plant ramifications when exposed to the
plant’s own weight, wind, or snow, virtu-
al geometric and mechanical models are
generated from the data of the imaging
processes. In addition to the outer shape

7135 Geometric mod-

el of Schefflera arborico-
la; exterior envelope with
cavities in red (left], mesh
for finite element analysis

i deformation
(center), result of a virtual

M large
load test: the extent of the
deformation is visible via
the color changes [right). B smau




136 Branched grid-

shell construction made

of steel tubes at King's

Cross Station in London

of the ramifications, these also containin-
formation on the internal structure. It has
been shown that the material is not a uni-
form one. Instead, the internal structure is
complex, with very different physical and
mechanical properties. For example, there
are areas with a different density, as well
as cavities and different fiber arrange-
ments. The fibers frequently run along the
plant axis, which is advantageous for re-
sisting bending moments—such as those
mainly occurring in plants.

In both biology and technology, ramifica-
tions can be subdivided by their angle and
number of branches, and by their arrange-
ment and number of ramification levels
(hierarchies). We know ramifications with
branches of a different thickness, in which
there exist one main branch and several
thinner side branches, but also ones in
which all branches are equally thick. The
latter can often be found in technical sup-
port structures. The simplest example is
the typical branch fork, which represents
a ramification with two (approximately)
equally thick branches in one level. But
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both in nature and in architecture, we find
ramifications with a symmetrical struc-
ture of three or four comparable branches,
such as those of the Oriental paperbush
(Edgeworthia chrysantha) and of the roof
supports of the Stuttgart airport building
M129,141. When the ends of two “branches”
are reconnected with each other (which
only occurs in technical solutions), a third
type of structure is created: a gridshell.
Such gridshells are highly efficient load-
bearing structures that can be used for the
construction of large open spans—such
as that of King’s Cross Station in London
3.



[7137 Radial braiding
machine with braiding
yarns (inside on white and
red bobbins), filler yarns/
stationary threads [out-
side on blue bobbins), and

robot (center in orange]

7138 The dance around
the maypole. Braiding is
placed around a maypole
with two types of cords,
which are guided by danc-
ers who move around the

pole in opposite directions.

The “maypole dance” for producing
lightweight loadbearing structures

Load analyses and computer models de-
rived from the model of plant ramification
are used to gain an understanding of the
forces acting in a support structure. In ad-
dition, a suitable building material must be
selected. Plants obtain their loadbearing
capacity mostly from stiff lignified fibers
that run along the stem and side branch-
es and are embedded in a more elastic
ground tissue. The individual fibers form
fiber bundles and are firmly bonded with
the ground tissue, which enables them
to jointly absorb forces in the structure
(e.g., the tree trunk). In other words, they
form a natural fiber-reinforced composite.
It is not only nature that relies on such a
high-performance material based on this
principle. Fiber-reinforced plastics are
used by engineers for many technical com-
ponents that have to be both lightweight
and sturdy. In these materials, plastics are
combined with strong artificial or natural

fibers in order to achieve mechanical re-
inforcement. The fibers have the task of
absorbing the forces acting upon them. Of
course, this means they always have to be
arranged in the component such that the
forces run along their axis. Otherwise, it
would not be possible to fully benefit from
their potential strength.

How is it possible to produce ramified
technical structures in which the fibers
are consistently arranged such that the
forces can always be optimally absorbed?
One solution is the textile braiding process
[M137,139. The principle of textile machine
braiding is similar to the dance around
the maypole. In this dance there are two
groups of dancers who hold cords in their
hands and dance around the maypole in
opposite directions. They circle around
each other, and the cords are braided
around the pole [M13s.
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7139 Braiding principle of

triaxial braiding [right], con-
crete-filled branched node
made of fiber-reinforced con-
crete composite plastic (left]

(arm diameter 125 mm]

In the braiding machine there are bob-
bins instead of the dancers from which
the threads are pulled M137. They too are
divided into two groups and move in oppo-
site directions, and their paths cross over
continuously. Instead of the pole at the
center, arobot pushes a so-called braiding
mandrel through the center of the braid-
ing process. This determines the ultimate
external geometry of the component. It is
possible to carry out the braiding on round,
angular, straight, or curved mandrels, de-
pending on the component geometry re-
quired. By adjusting the movement speed
of the bobbin carriers or of the mandrel
that is pushed through the machine, it is
also possible to adjust the angle at which
the braiding yarns cross over. This gives
the yarns their direction, following which
they are soaked in plastic and thereby
bonded. In addition to the braiding yarns,
it is also possible to insert so-called fill-
er yarns. Their bobbins do not move and
the yarn is only pulled off and deposited
on the mandrel by its advance. This also
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makes it possible to reinforce the compo-
nentin the direction of its axis. This type of
braiding is referred to as triaxial braiding
(fibers oriented in three directions) 139,
which comes closest to the layout of fibers
in a plant. In plants, however, the fibers
are never braided, though they can have
a similar structure as the result of fusing
together. The braided structure deposit-
ed on the mandrel is then soaked in plas-
tic and cured. After that, the mandrel can
be removed, resulting in a strong hollow
structure. Owing to the orientation of the
yarns, such a hollow structure is optimal-
ly suited to absorbing stresses resulting
from pulling, bending, or twisting. Only
compressive forces cannot be transferred
adequately. For this reason, the ramified
hollow structures used in architecture are
subsequently filled with concrete, which is
ideally suited to absorbing compressive
forces.

The interdisciplinary cooperation of biolo-
gists, engineers, and architects is focused
on the detailed investigation of the bio-
logical role models, the necessary under-
standing of their secrets of success, and
simplification and implementation in tech-
nical materials and constructions. This is
the only way to achieve the transition from
plant branchings to technical supporting
structures.



New branched loadbearing
structures in architecture

Florian A. Jonas / Larissa Born / Claudia M6hl / Linnea Hesse / Katharina Bunk /
Tom Masselter / Thomas Speck / Gétz T. Gresser / Jan Knippers

Branched loadbearing structures have a long tradition in architecture. After cen-

turies of application, the principle of this construction method is still valid today

and results in good structural systems. It is obvious why this is so: owing to the

form-active design, slender branched columns are effective supports for roofs and

floor decks.

Form-active loadbearing structures permit wide spans

As early as the Middle Ages, master build-
ers knew how to use arches and vaults in
their designs to create large open spans
that appeared very elegant. To this day,
many of these structural systems baffle
us with their “audacity” ["140A. Here too,
a construction method inspired by na-
ture played a role, but only at an esthet-
ic or formal level rather than a function-
al one. Whereas in the Middle Ages stone
was still the main building material, in
recent decades it is primarily steel that
has been used for branched pillars and
columns, for example in bridges or build-
ings [M1408. However, the manufacture of

A

140 (A) King's Col-
lege Chapel, Cambridge
(1515]): masonry; (B]
branched pillars of Prag-
sattel Bridge, Stuttgart

(1993): steel construction

branched nodes, which frequently consist
of cast steel, is expensive. An alternative
could be a hybrid construction with an
outer hull of fiber-reinforced plastic and
a concrete core.

A well-known example of branched col-
umns is the structural system of Stutt-
gart Airport. Whereas the space close to
the ceiling and above the heads of the air
passengers is available for the branched
loadbearing structure, the circulation lev-
elis large and generous and encumbered
only by the widely spaced lower parts of
the columns [M141.




141 Branched columns 142 (A) Branched columns branched columns with

support the roof of Termi- with reduced cross-section the same spacing as in [A]
nal 3 at Stuttgart Airport. height of the horizontal needs to be thicker because
element; [B) the horizon- the spans and the bend-
tal element spanning non- ing moments are larger.
A B
|
ARCRRCERE . b Ml o 5 "
Loads [kN]

E Bending moments [kNm]

Branched columns not only make efficient columns to be spanned by the horizontal ele-
use of space, they also have other advantages: ment. Smaller spans lead to a reduced construc-
the branched columns provide many support tion height. In turn, this means that less mate-
points for the horizontal loadbearing element, rial is needed for the horizontal element, reduc-
such as the roof or the deck of the bridge. This ing the overall weight of the construction.

effectively reduces the distance between two
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7143 Comparison: (A) inter-  (BJ example of inter-

A B
nal forces of a branched col-

nal forces in a tree. |

—

umn with tension member;

The loadbearing characteristics of a
branched column are quite different from
those of a natural tree, which is why the
frequently used designation “tree column”
is misleading. The ends of branched col-
umns—the column heads—are connected
via horizontal loadbearing elements, as in
the slab of a building or the road deck of a
bridge. The loads are primarily transferred
as normal compression forces. By con-
trast, the branches of trees have free ends
and respond to loads—such as their own
weight and external loads such as those
of wind and snow—by bending. For this
reason, natural ramifications in plants are
primarily exposed to bending loads. The
difference can be clearly seen in the dia-
gram of internal forces [M143.

Branched columns, as shown in 141, are
of a slender construction. This means that
the ratio of the diameter to the length of
the bars is small. The loadbearing capac-
ity of slender structures exposed to com-

Loads
[kN]

Normal
forces [kN]
7 o

Bending

moments [kNm]
e 7

pression depends on the strength of the
material used as well as on the resistance
to buckling (i.e., to stability failure). Sta-
bility failure occurs when the loadbear-
ing structure deforms under a load—Llike
a ruler that deflects when exposed to ax-
ial compression.

Finding the form of branched columns

In the design of branched columns, their
geometry plays an important role because
it determines the distribution of the in-
ternal forces. A geometry needs to be
found in which the bending moments are
as small as possible, therefore requiring
only small cross-sections in the mem-
bers. To achieve this, a number of differ-
ent experimental and analytical methods
are available.

An experimental approach was taken by
Gaudi, for example: he used hanging mod-
els for designing the main loadbearing
structure of the Sagrada Familia (Barcelo-
na). To do this and to define the form of the
ribs and vaults, he hung defined weights
from a cable network and used the de-

formed model as the basis for the design
of the building.

In the second half of the last century, Frei
Otto’s working group continued the devel-
opment of experimental methods for de-
termining the geometry of branched struc-
tures. By hanging weights from threads, it
was possible to identify branch configura-
tions that are suitable as effective load-
bearing structures. Branched structures
can also be formed experimentally by fib-
ers saturated in resin that, at one end, are
attached to the grid of a plate and, at the
other end, converge in one point. Owing
to surface tension, a balance is achieved
between the resulting attractive force and
the retained threads ["144A,B.

155



144 Experimental deter-
mination of form: (A thread
model (ILEK]; (B] project

Nowadays, the advent of new technolo-
gies has significantly changed the meth-
ods for determining the form. Instead of
working experimentally, form-finding pro-
cesses can be simulated using a range of
computer programs [ 144c. For example,
the structure optimizing methods help to
find a branching geometry that transfers
a certain load with the minimum amount
of material.

How branched columns are built today

Today, branched columns in buildings or
branched pillars in bridge building are fre-
quently manufactured from steel or re-
inforced concrete. The disadvantage of
the reinforced concrete construction lies
in the comparatively expensive formwork
and reinforcement work.

A B
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study “Tree structures” [ILEK];
(C) digital determination of

form: computer simulation

When steel tubes are used, several tubes
have to be cut precisely and then weld-
ed together. As a rule, the surfaces of the
cuts are complex and therefore the weld-
ing work is expensive. Alternatively, a con-
nection node made of cast steel is used
at the intersection of the bars M145. This
ensures a continuous transfer of forces
at the transition between the individual
bars. In this constellation, each tube is
welded to the connection node instead of
joining several tubes at one point. In view
of the fact that the manufacturing of cast
steel nodes requires complex molds for
high-temperature casting, they only make
sense when the node geometry is repeated
several times in the building.

7145 Manufacture of a cast
steel node: [A] cooling of the
cast; [B) mechanical finish-

ing work on the component



How branched columns can be built
in future

Many plants have a heavily branched load-
bearing structure, which is particularly
evident in the crown of large trees. The
mechanical properties of the loadbearing
structures of plants are determined by the
complex interaction of very different struc-
tural hierarchy levels, which include the
external shape (m-cm), the tissue struc-
ture and arrangement (cm-mm), the cells
(mm-pm]), the organelles (um-nm), and
the macro-molecules (< nm), and are op-
timized by adaptation, using growth pro-
cesses throughout the life of the plant. At
several of these levels of the hierarchy,
the plant relies on construction princi-
ples based on lightweight fiber-reinforced
composites (e.g., fiber-based tissues and
filamentous cells and/or macromolecules
in the form of fibers such as cellulose).
It has been proven repeatedly that the fi-
brous elements of plants are oriented in
a load-adapted manner (i.e., in accord-
ance with the loads acting on them) (see
“From branchings to technical support
structures”). This principle was adopted
for the fiber arrangement of a newly devel-
oped hybrid node 139,146,147, transferred
to a branched model [M148, manufactured
using a braiding machine ["149, and imple-
mented in a branched support structure
[T150. One of the challenges of this method

is the manufacturing of a branched textile
hull in which the threads are continually
guided—adapted to the load—through the
branching point " 146.

The braiding process is one of the oldest
known textile processes, and is extremely
well suited to the manufacture of three-di-
mensional textiles with fibers continuing.
The machine employed for the hybrid node
[T149 uses 216 threads at the same time,
which allows it to also manufacture larger
cross-sections such as those required for
a loadbearing structure.

In one step of the process, two of the tree
arms are braided with a continuous flow
of fibers [T146A. The braiding is repeated
for all pairings of arms[14¢6B,c in order to
obtain a coherent textile hull ["146D.

146 Steps for braiding the
branching with coherent fiber
arrangement: (A braiding
from the first to the second
arm; (B) braiding from the
second to the third arm;

(C] braiding of the last pair

of arms (3 to 1); (D) de-

tail of a braided branch-

ing with carbon (black)

and glass fibers (white)
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7147 Production of a hybrid

node made of fiber-reinforced

plastic (FRP] and concrete:

The loadbearing hybrid node consists of
a fiber-reinforced plastic hull and a core
of concrete. The manufacturing process
involves four steps M147. (1) Firstly, a core
with the selected geometry is milled using
a lightweight foam blank [M147a. (2) Sec-
ondly, the core is enclosed by braiding, re-
sulting in a branched textile hull, which
at this stage is still flexible. (3) Thirdly,
the textile hull is made rigid by impreg-
nating it with resin M147B. The braiding
core is removed [M147¢. (4) Finally, the rig-
id hull is filled with concrete, serving as

(A] braiding cores are milled
from foam; (B] dry textile hull
after braiding; [C] fiber-re-

inforced plastic component
after impregnation; (D] the

hull is filled with concrete.

formwork and reinforcement at the same
time M147D. Once the concrete has cured,
a high-strength structural node has been
made.

To demonstrate the braiding process that
had been developed, a branched struc-
ture with a height of 6 meters was pro-
ducedl150. The freestanding column with
a textile hull consisted of seven nodes and
15 rods with a diameter of up to 127 mil-
limeters. The branched nodes are sin-
gle-plane nodes, meaning that the axes
of each of the three arms lie in one plane.

New design scope for branched loadbearing structures

The demonstrator for the exhibition [M150
was developed using a digital modell™14s.
In this model, the length of the rods, the
diameters, and the opening and turning
angles of the arms of the branches are
variable parameters. The model is built
such that the detailed geometry of each
node is issued on the basis of the config-
uration of the overall structure and can
be used directly for producing the compo-
nent (e.g., milling the cores). In addition,
the manufacturing limits imposed by the
braiding technology have been taken into
account, and the range of parameters has
been restricted accordingly.

For the application of fiber-reinforced
plastic (FRP)/concrete nodes in buildings,
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itis important that they are geometrically
variable and have sufficient loadbearing
capacity. In load tests, such three-armed
node structures made of FRP and concrete
with an arm diameter of 125 millimeters
were able to resist compressive forces
of up to 1,700kN. This means that these
branchings are suitable for use as slender
columns in two- or three-story buildings
or for lightweight roofs. Following the de-
velopment of the new manufacturing pro-
cess and the successful passing of the in-
itial load tests, the next step is to devise
ways in which these innovative branched
nodes can be integrated in conventional
multistory buildings and industrial shed
structures [M151.



FRP/concrete nodes are a possible alter-
native to traditionally manufactured nodes
for branched loadbearing structures. Ow-
ing to their attractive design options and
efficient loadbearing capacity, they are
suitable not only for new buildings but also
for the extension of existing structures.

\ [/ 7/
- /
“\\1, ///

;
| 1m

1. Cylinder mantle
2. Translation surface
3. Subdivided residual area

7148 Digital parametric
model: (A] final geometry;
(B] nodes and axes empha-
sized; (C) detail of a node
generated in relation to the
overall structure in an auto-
mated process; (D] geomet-
ric surfaces for generat-

ing a plane branching
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149 Radial braiding ma-

chine with a branched braid-

ing core. The braiding process

is operated by a robot arm.
7150 Branched demonstra-
tor in Schloss Rosenstein at
the Baubionik—Biologie be-
fligelt Architektur exhibition
in the Museum of Natural
History, Stuttgart (2017/18):
branched column with braid-
ed textile hull consisting of

carbon and glass fibers.







7151 Loadbearing node

made of fiber-reinforced pla-
stic [FRP] and concrete; in
the background the demons-
trator with braided textile hull
and the plant that served as

model, Schefflera arboricola
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The plastid skeleton: a source
of ideas in the nano range

Bugra Ozdemir / Pouyan Asgharzadeh / Annette Birkhold / Oliver Réhrle / Ralf Reski

Alllife on earth relies on the conversion of solar energy into chemical energy through

the process of photosynthesis, in which the greenhouse gas carbon dioxide (CO,)

is absorbed and oxygen [02] is released. The green parts of plants are capable of

performing this reaction. This is where we find chlorophyll, the green pigment that

captures sunlight. Chlorophyll and all components of the conversion process do not

exist freely in the plant cells, but are located in certain “reaction spaces,” the chlo-

roplasts. These are part of what are called organelles, small reaction spaces with-

in the cell that are separated from other cell components by a double membrane

of lipids and proteins.

Plastids with skeleton

Chloroplasts are normally lens-shaped
[M152. But they can also change their shape,
thatis, they can grow and divide. For a long
time it was not known what causes these
changes, what structure gives the orga-
nelles their shape, and what is responsible
for changes in that shape. We biologists
were able to demonstrate that the chloro-
plasts of a moss, the spreading earthmoss
(Physcomitrella patens), contain five differ-
ent so-called FtsZ proteins. When we mark
these FtsZ proteins using genetic methods
by attaching the bright-green fluorescing
GFP protein, microscopic images reveal
protein filaments and networks[™1s3. It is
noticeable that each FtsZ protein is char-
acterized by a pattern that is different from
the other four. These patterns are reminis-
cent of the cell skeleton that occurs in the
cytoplasm of every higher cell (eukaryotic
cell), giving it its shape and helping it to
change its form. For this reason we pro-
posed the analogous term “plastid skele-
ton” for these FtsZ filaments in the chlo-

roplasts. Microbiologists have been able
to demonstrate that similar cell skeletons
occur in bacteria, determining their shape
and triggering division. Here too, an FtsZ
protein is involved. When this is mutat-
ed in bacteria, they take on the shape of
a thread at certain temperatures. This is
also where the abbreviation FtsZ comes
from: filamentous temperature-sensitive
mutant Z. This finding is particularly ex-
citing from the point of view of evolution,
because the chloroplasts of plants evolved
from bacteria about one and a half billion
years ago. We can therefore surmise that
the FtsZ molecules of bacteria are similar
to those of chloroplasts not only in their
composition and sequence but also in their
function.

In this research project, biologists from
Freiburg University and engineers from
Stuttgart University have got together in
order to uncover the secrets of the plastid
skeleton in mosses. This is very challeng-
ing, because the structures investigated
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152 Cutout from a small
leaf of the spreading
earthmoss (Physcomitrel-
la patens). Light micros-
copy using a Zeiss Axio-

planZ microscope shows the Scale bar: 20 um.

are minute: the moss plants themselves
measure only a few millimeters, their
chloroplasts have a diameter of just a few
micrometers, and the FtsZ protein fila-
ments have a thickness of a few nanom-
eters. To make these visible, high-reso-
lution microscopes are needed. We use
confocal laser scanning microscopes for
this purpose, special light microscopes
that scan the structures with laser beams
of certain wavelengths and then put to-
gether the individual light points to cre-
ate images [M153. Because these images
are produced from living cells in which the
molecules are constantly moving, no two
images are the same. For this reason it
is necessary to make a great number of
different images in order to obtain a good
overview of all possible structures of the
plastid skeleton. Since all of these imag-
es are electronic, the tests create a huge
amount of data, which can be automatical-
ly processed in computers. For this, spe-
cial methods are developed with which it
is possible to describe the recorded struc-
tures of the individual protein networks
with mathematical equations, thereby
making them comparable.
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green-colored chloroplasts.
(B] The same cutout using
fluorescence microscopy
shows the red inherent fluo-

rescence of the chlorophyll.

From image to model

In microscopy, 2D layer images are creat-
ed from 3D structures, a process known in
medical imaging. Depending on the res-
olution, the amount of data, and the mi-
croscope, the distance between the indi-
vidualimages canvary. In order to actually
produce 3D images of individual objects,
a 3D geometry has to be created from the
2D images. The smaller the distance be-
tween the image slices, the more accurate
the models. When the distance becomes
too great, there is too much uncertainty
about the space in between, and assump-
tions have to be made. This can lead to
errors.

Once the models have been completed,
they must then be converted into comput-
er models. For this, a grid network has
to be created. We can imagine how such
a grid network functions if we compare
it with Lego blocks: if we only have very
big Lego blocks—analogous to a coarse
grid network—we can only build a coarse
structure, which can only approximate-
ly replicate a complicated object. If we
choose smaller Lego blocks—or a finer



7153 (A) A single chloro-
plast under the Leica TCS
8T-WS confocal microscope.
An FtsZ2-1 network shown

A B

grid network—we can replicate the struc-
ture much better.

However, such a detailed replication also
involves a large amount of data. After all,
the geometry and position of each individ-
ual Lego block has to be determined. If we
now want not only to reconstruct the ge-
ometric variables of the model but also to
obtain information about how its function
relates to its structure—for example, if we
want to carry out a simulation of its me-
chanical strength—then we need to solve
a set of mathematical equations for each
Lego component. A very detailed model
obviously increases the precision of the
information/simulation, but at the cost
of the general computing time. For very
high resolutions, we need to use one of
the supercomputers that have been pur-
chased for several million euros by cer-
tain computer centers, such as the High
Performance Computing Center Stuttgart

in green. (B] The same im-
age; here the chlorophyll
is also shown in bright

red. Scale bar: 2 um.

(HLRS). This means that, taking practical
considerations into account, a good bal-
ance has to be struck between computing
time, resources, and precision.

Inthis way itis possible to achieve a math-
ematically exact description of the differ-
ent FtsZ networks of the plastid skeleton
and to differentiate them. Initial results
show that the five FtsZ networks differ
from each other; one hypothesis is that,
together, they form what is known as a
tensegrity structure™154. Such a structure
consisting of bars and tensioned cables
was initially invented by two architects and
refers to a stable construction that uses
only a minimal amount of material.
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7154 Model of a tensegrity
structure, a strut system in

which the struts are con-

nected with each other by
tensile elements (such as
cables]. The tensile stress
in the elastic parts [black]
stabilizes the system

and makes it dynamic.

\

In our ongoing work we want to check the
hypothesis that the plastid skeleton is a
tensegrity structure, and investigate how
the plastid skeleton changes when ex-
posed to loads, during growth, and in the
division of chloroplasts. To this end, we
have already carried out initial tests us-
ing a scanning force microscope, which
we can use to mechanically scan the chlo-
roplast surface and measure even minute
forces at the nanometer scale. The objec-
tive of our project is to shed light on the
dynamics and mechanics of the plastid
skeleton, to describe it mathematically,
and to use this information to derive gen-
eral principles that could be used at much
larger dimensions (i.e., in engineering and
architecture).

In order to achieve this objective, we will
take the path of “reverse biomimetics.”
This means that the detailed analysis of
the plastid skeleton will be used to estab-
lish hypotheses and models; furthermore,
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itisintended to produce functioning proto-
types ([demonstrators). This transfer from
a very small scale to a much larger one—
from nanometer to centimeter—will lead
to new findings and hypotheses, which in
turn will be examined using specific ge-
netic changes of the moss. The knowl-
edge gained in this process will then lead
to improved models and demonstrators.
In this way, not only can architects learn
from nature, but biologists can learn from
engineers and architects. That is the par-
ticular scientific attraction of this project.



Abstracting instead of copying:
in search of the formula for
success

Nicole Radde / Debdas Paul / Manfred Bischoff

For thousands of years, we have drawn on examples from nature for our techni-
cal inventions. We frequently observe animals and plants directly to see how they
have solved a certain problem, and then we transfer this solution to technology. But
would it not be fascinating to develop new technical solutions with natural methods
rather than just transferring existing solutions from nature to technology? Beyond
specific solutions to individual problems, there is the issue of general strategies
natural systems use to function reliably and to achieve a fascinating combination
of efficiency, adaptability, and robustness. We are not talking here about the known
strategies of evolution, but about the success formula underlying the blueprints
evolution creates. One idea for getting to grips with this natural plan is based on
the observation of formal analogies—abstract relationships between what seem-

ingly is not related. We are talking about the search for nature’s mathematical for-

mula for success.

Abstraction as a driving force of science

The anecdote about Newton and the ap-
ple is very well known. We find ourselves
in 1666; Sir Isaac Newton, an English nat-
ural scientist and civil servant, is 24 years
old. According to legend, he was just con-
templating the question of what it might
be that keeps the moon orbiting around
the earth when, on a beautiful autumn day
under an apple tree in his garden at his
home village of Woolsthorpe in the north
of England, he fell asleep. It wasn’t long
before he was rudely awakened from his
dreams by a falling apple ["15s.

If we believe his own statements, this
event is supposed to have given Newton
the idea that the apple falling vertically to
the ground is governed by the same phys-

ical laws as those governing the moon or-
biting the earth. This inspiration led to the
discovery of the laws of gravitation, which
in turn laid the foundation stone of clas-
sical mechanics. Newton had succeeded
in establishing a comprehensive physical
theory that underpinned Kepler’s previ-
ously empirical laws of planetary motion
(i.e., based on observation and measure-
ment]).

With a view to bionics, what is so signifi-
cant about this story? Let’'s embark on a
play of thought, and ask ourselves what
the moon and the apple have in common,
the movement of which we are, after all,
concerned with here. Apart from the fact
that we could refer to them both as round
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objects (in an idealized way), we probably
couldn’t think of anything else. In particu-
lar, we cannot detect any commonality be-
tween the trajectory of an apple that falls
straight to the ground and the elliptic or-
bit of the moon around the earth. So how
do these two objects and their movements
fit together?

Let’'s have a closer look at the three ax-
ioms (principles) formulated by Newton.
The first axiom, the principle of inertia,
says that a mass does not change its mo-
tion without the influence of a force [i.e., it
remains at rest or continues to move at a
constant velocity). The second axiom, the
so-called law of force, states that the force
is equal to the mass of the object multi-
plied by its acceleration (F = m - al; it thus
establishes a relationship between the
force F of an object with the mass m and
the resulting acceleration a. The third axi-
om states that every force exerts an oppos-
ing force (i.e., two bodies always influence
each other mutually through the force of
gravitation). You may now ask again what
these principles have to do with an ap-
ple and the moon. To answer this ques-
tion, we will try to draw conclusions from
these principles for both objects. Neither
the falling apple nor the moon move uni-
formly. From the first axiom we can con-
clude that force is acting on both of them
(i.e., the force of attraction emanating from
the earth), which decreases proportionally
to the square of the distance to the center
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[7155 Sir Isaac Newton
(1642-1726)

of the earth[1s6. In both cases this force
causes acceleration in accordance with the
second axiom. The apple falls to the ground
with increasing speed; the moon continu-
ously changes the direction of its move-
ment at any given point in time. The third
axiom states that both the apple and the
moon exert an opposing force on the earth
and that we therefore have to consider the
systems apple-earth and/or moon-earth
together. Itis, of course, pretty obvious that
we can disregard the force exerted by the
apple on the earth compared with the grav-
itational force exerted by the earth on the
apple. The gravitational force of the moon
is about one-sixth that of the earth; in oth-
er words, it is significantly smaller.

After contemplation of the above, the com-
monalities between the apple and the
moon become clear: they are governed by
the same physical principles and natural
laws[157. Both trajectories are just prac-
tical examples that can be described with
the same mathematical formulae, albeit
with different parameters and initial con-
ditions. If we threw an apple horizontally
with enough speed, it would in fact—Llike
the moon—orbit the earth. Similarly, if the
moon were to start its movement from a
position of rest, it would—Llike the apple—
fall to earth. Newton’s axioms provide us
with an abstracting description using
physical laws and mathematical formu-
lae that allow us to establish a connection
between both objects and phenomena.
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[T156 Trajectories of planets
and of falling apples are de-
scribed by the same laws of
physics. The law of gravita-
tion states that two bodies,
one with the mass [M] and

the other with the mass (m),

Abstraction and analogy

With his conclusion relating the apple to
the moon, Isaac Newton had a stroke of
genius. He developed a theory that pro-
vides a general, overriding explanation for
seemingly completely different phenome-
na. Rather than collecting empirical val-
ues from a thousand tests with a thousand
apples, which are dropped from a thou-
sand different heights, to enable him to
predict, by way of approximation, the out-
come of test number 1,001, he has creat-
ed a uniform mathematical formalism that
correctly describes the movement not only
of falling apples but also of thrown stones
and shot arrows, not to mention the move-
ment of celestial bodies. Not only did he
describe these processes, he also under-
stood them.

This is all the more remarkable because
the force exerted by the falling apple on
the earth—not only does the apple move
towards the earth, but the earth also
moves towards the apple—is so small that
it practically cannot be measured due to
the gigantic difference in mass. Howev-

exert a force (F] on each
other that is proportional

to the product of their two

[157 Trajectories E, F,
and G with different ini-

tial horizontal speeds

masses and inversely propor-
tional to the square of their
distance (R). Here, (G) refers

to the gravitation constant.

er, in the motion of the earth-moon sys-
tem, this mutuality cannot be disregard-
ed. The fact of having discovered this and
quantified it is the actual step of abstrac-
tion that makes Newton’s achievement so
outstanding. Simpler laws of falling bodies
that ignore this mutual effect had already
been established by Galileo Galilei half a
century earlier.

Science is full of such abstracting mod-
els. And it is true that a suitable abstrac-
tion is necessary in order to be able to de-
tect general principles and find important
generalizations (i.e., to be able to come to
general conclusions based on the obser-
vation of completely different objects). An
important tool in the development or dis-
covery of new laws, principles, and models
is analogy. In analogy, directly observable
or purely formal similarities between dif-
ferent phenomena are used to draw con-
clusions from what is already known and
can be explained about what is not known
and cannot yet be explained. A classic ex-
ample is the 19th-century idea of a model

169



of light as a wave, which today has been
replaced by the theory of relativity and
quantum field theory. It gave substance
to the analogy between the mechanical
waves in acoustics and the electromagnet-
ic waves in optics, and not only provided an
explanation of phenomena that could be
observed experimentally but also made it
possible to predict phenomena that could
not yet be observed experimentally.

Substantive and formal analogies

The analogy between acoustic and optical
waves described above is referred to as
a substantive (also material or physical
analogy, because there is a direct similari-
ty at the level of the phenomena observed.
However, we often come across abstract,
formal analogies.

Nowadays, models in the natural scienc-
es are usually described via mathematical
formulae. We speak about a formal analo-
gy when two different natural science phe-
nomena can be expressed with the same
equations. For example, certain modelsin
financial mathematics describe the devel-
opment of the price of a purchase option
for a portfolio consisting of several shares
using the exact same mathematical equa-
tion that is used in natural science to cal-
culate chemical reactions in a fluid in flow.
Another popular example is the analogy
between the equations of electrodynamics
and mechanicalvibrations. For each phys-
ical variable in the one world we find the
mathematical equivalent in the other: the
electrical capacity corresponds to mass,
resistance corresponds to damping char-
acteristics, inductivity to spring constant,
the difference in electrical potential to dis-
placement, strength of current to force,
and so on. The same system of equations
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also describes the phenomena of hydrody-
namics and thermodynamics, in each case
with different interpretations of the math-
ematical parameters involved. The formal
analogy that the authors of this chapter
want to utilize in a shared research pro-
ject establishes a relationship between the
processing of signals in molecular net-
works and the vibration behavior of load-
bearing structures, for the modeling of
which the same mathematical equations
can be used.

In his 1892 essay “On the Methods of The-
oretical Physics,” the physicist and phi-
losopher Ludwig Boltzmann expressed
this idea exceedingly clearly: “The most
surprising and most far-reaching analo-
gies were discovered between seemingly
completely disparate natural processes.
It seemed that nature had built the most
diverse things to the same blueprint or,
as the analysts wryly say, the same dif-
ferential equations apply to very diverse
phenomena. For example, thermal con-
ductivity and the diffusion and distribution
of electricity in conductors follow the same
laws. The same equations can be applied
for the solution of a problem in hydrody-
namics and in potential theory. The theory
of fluid vortices and of gas friction shows
the most surprising analogy with that of
electromagnetism, etc.”

An example from biology

Another well-known and fascinating ex-
ample at the interface of biology, mathe-
matics, and physics is the Hodgkin-Huxley
model for the description of nerve signals
in the stimulation of nerve cells.

Signals are propagated in the form of
nerve impulses via long nerve cell pro-
jections, the axons. A mathematical model



that describes this process was named af-
ter the two physiologists Alan Hodgkin and
Andrew Fielding Huxley. They received the
Nobel Prize for Medicine in 1963 for their
groundbreaking work on the occurrence of
action potentials in the giant axon of the
Atlantic squid.

What is remarkable here is that this mod-
el contains the principles/laws of an elec-
tric circuit, as they are known in electrical
engineering, even though with respect to
the exterior appearance there are practi-
cally no commonalities between a nerve
cell and an electric circuit with resistors
and condensers.

Like Newton's laws of force, the Hodgkin-
Huxley model made it possible, for the first
time, to describe with the same model
many experimentally observed phenom-
ena that are nevertheless very different
in each individual case.

Bionics with differential
equations

The distinction between formal and sub-
stantive analogies takes us back to bion-
ics. When it is possible to describe the
behavior of a natural system and of a
technical system using the same mathe-
matical equations, it follows that certain
characteristics, such as efficiency, capa-
bility, functionality, and robustness, must
be transferable. To remain with the ex-
ample of electrodynamics: from known
devices for attenuating electromagnetic
vibrations, it is possible to directly derive
suitable measures for the attenuation of
mechanical vibrations with the help of this
formal analogy. Likewise, it should be pos-
sible to transfer efficient strategies from

one world to the other through formal
analogies between natural and technical
systems. The fact that the analogy used is
based on purely formal similarities repre-
sents the special challenge. The external
appearance of the biological example and
of the technical implementation can, how-
ever, be completely different.

The far-reaching work of Newton as well
as that of Hodgkin and Huxley utilizes the
principle of abstraction for the discovery
of higher-level laws, principles, and mod-
els. Using abstract mathematical formu-
lae and models, it is possible to discov-
er commonalities between an apple and
a planet, between the price of shares and
chemical reactions, or between nerve im-
pulsesin living organisms and electric cir-
cuits, that are not visible in the external
appearance. Perhaps this approach can
provide new stimuli to the fascinating field
of bionics research.
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Functionalist, organic, and
biomimetic architecture

Gerd de Bruyn / Oliver Betz / Manfred Drack / Mirco Limpinsel / James H. Nebelsick

This contribution represents an attempt at defining and determining the position of

architecture that, since the beginning of the Modern Movement, broke with its con-

ventions and wanted to prove that it was up to date and was open to contemporary

developments in science and technology. In view of the fact that architecture is also

an art that gives us more than just comfort and security, it suits the contradictory

nature of human beings, who feel most comfortable between tradition and progress.

The functionalization of architecture

Ever since their entry into the modern
era, architects have had to withstand the
enormous pressure to deny their crea-
tive authority. Their artistic authority was
questioned to such an extent that they
themselves no longer wanted to uphold it.
At the same time, the belief in “strong au-
thors” waned. People no longer associate
large, complicated buildings—the comple-
tion of which involves many experts—with
a single person. Almost everybody knows
that, when it comes to complex tasks, even
the most ingenious architect is replaced
by large teams whose bosses ensure that
the “signature” of the designing practice
remains recognizable. The style expressed
in that signature is a vestige of the anach-
ronistic character of architecture as art.

Relativizing the artistic claim and the au-
thor of the design in architecture led to
a widening of its remit and an increase
in its functional value. At the same time,
there was increased interest in its tech-
nical and scientific input. This enormous
shift in values was ushered in by the de-
bates on functionalism that took place in
the wake of the French Revolution and the
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[7158 Architecture as a
combination of science, art,
and technology: Francesco
Borromini, spiral staircase
in the south wing of Palazzo
Barberini, Rome (1627-38)

Industrial Revolution. The demand was for
buildings that prioritize functionality (util-
itas) and are no longer in step with con-
struction (firmitas) and esthetics (venus-
tas)—three values that were traditionally
considered to be of equal rank. The dom-
inance of purpose heralded the end of the
idea that—in architecture—art, science,
and technology form a unit. From then
on, architects had to decide whether they
wanted to continue practicing art or lean
towards science [ 158.



The birth of the original genius

In the 19th century, architecture and engi-
neering started to take opposing positions.
The engineers employed a more modern
style than the architects, who called them-
selves modern, and the avant-gardes were
mostly interested in re-establishing the
lost unity of architecture. The two dominat-
ing personalities in Europe and the USA—
Le Corbusier (1887-1965) and Frank Lloyd
Wright (1867-1959)—continued to consid-
er their métier to be art, and themselves
to be outstanding proponents of the art of
building M159.

The mystification of their authorship
seemed an appropriate means of resisting
the denial of creative authority. The heroi-
zation of the architect made a Goliath out
of a David. This was based on two ideas:
(1) the wishful thought that esthetics and
function could coincide (in accordance with
the motto “what is functional is automati-
cally beautiful’], and (2] the hope that the

fate of architecture could be made depend-
ent on a few geniuses.

In order to be able to explain what hap-
pened outside the limelight of their im-
pressive achievements, we will discuss
two movements that, to this day, repre-
sent an underestimated line of develop-
ment in modern architecture. We are talk-
ing here about functionalist and organic
architecture. However, the idea here is not
to establish a historic pedigree for “bio-
mimetic architecture,” which is currently
appearing on the horizon, but to under-
stand how these movements differ and
what they make of architecture. The lat-
ter point is important, because we always
have to think of the consequences that are
triggered when architecture is associated
with terms such as expressionistic, ration-
alistic, functionalist, or biomimetic.
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The schism in architecture

Not every move towards greater specificity
automatically brings a benefit, especially
because greater specificity of architecture
always meant a reduction rather than an
emphasis of its inherent characteristics.
The reason for this is that its most impor-
tant and most longstanding claim is to be
a discipline that synthesizes other disci-
plines within it. Just as the horizon of the
meaning of old terms narrows over time—
as an example, let’s take the term rExvn,
which in ancient Greek meant art, craft,
and science and was not, until the Modern
period, reduced to what we understand by
technology—architecture loses richness
when we define it more specifically. Some-
body like Le Corbusier noticed immedi-
ately that the modern differentiation and
autonomization of the arts goes against
the definition of the art of building as a
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7159 Architecture as

synthése des arts:
Le Corbusier, Villa Savoye,
Poissy near Paris (1928-31]

synthése des arts. When the disciplines
that worked together in architecture took
their leave, architecture remained empty.
The architects responded either by turn-
ing vice to virtue and making functionali-
ty the overruling objective or by doing the
opposite, that is, attempting to replace the
departed arts (painting, sculpture, music,
and so on) with their own resources.

The avant-gardists opted for both. In ar-
chitecture, the focus on certain purposes
was rarely concrete enough to be able to
derive from it the appearance and esthet-
ics of a building. Although the points Le
Corbusier made in his famous Five Points
of a Modern Architecture (1923), probably
the most prominent definition of modern
architecture (free plan, free facade, rib-
bon windows, pilotis, and the flat roof that
can be used as a garden], were meant to
increase the functional value of architec-
ture, they were also intended as esthetic



principles and, as such, were much more
effective. Cube-shaped buildings, horizon-
tal windows, and flat roofs symbolized a
functionality that tended far more towards
art than towards function. Even though
they are devoid of decoration, the build-
ings of Gropius, Mies van der Rohe, Riet-
veld, Melnikow, and others demonstrate
more esthetic confidence than the exten-
sively decorated Art Nouveau villas. Like
abstract sculptures, they rose up from the
site and proudly presented their sophis-
ticated proportions, subtle coloring, and
sometimes also noble building materials.

Nature as example

Given that the increased functional value
of these fascinating architectural works of
art was not trusted by contemporaries, a
dispute about the true function of archi-
tecture flared up in the 1920s. Was tradi-
tional architecture perhaps, after all, more
useful than the functionalist? Conserva-
tive architects maintained this view and
were not even wrong in that. Even with-
in the Modern movement, controversies
arose. The most important one was pro-
voked by the proponents of organic archi-
tecture. They were serious about finding
out how buildings function better, and to
what extent this changes their appearance
and layout. In their search for examples
that offer a perfect synthesis of form and
function they chanced on nature or, more
precisely, on the fascinating phenomenon
of living organisms.

Of course, this was not really new. The be-
lief thatartis modeled on living nature be-
cause of its beauty and vitality had already
gained ground in the 18th century. The arts
were to absorb as much of that as possible

in order to avoid the risk of being stifled by
rules and conventions.

In the 19th century, with the emergence of
modern biology, another aspect appeared
that some universal geniuses like Leonar-
do da Vinci (1452-1519) had already con-
templated 400 years earlier. Leonardo not-
ed that not only does nature express itself
in beautiful forms, but living organisms
are (nearly) perfectly organized. After he
exposed the arteries of human corpses
with a scalpel, he proposed that the water
and supply routes of Italian cities be new-
ly organized, taking the blood vessels as
an example. The whole thing was intend-
ed as a contribution to modern urban hy-
giene and to combating the plague. It thus
follows that Leonardo is the originator of
organic urban design.
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Organic building

Given that form and function appear to be
inseparable in nature, the proponents of
organic design wanted to adapt this prin-
ciple to an architecture that was no longer
just to appear—but was actually to be—
functional. The declared starting point was
a layout plan that reflected actual needs,
organizing spaces in the way people move
therein. Owing to the demand for “light,
air, and sun,” it was no longer allowed to
design facades that contradicted the lay-
out plan for esthetic reasons, for example
in order to achieve symmetry. The exter-
nal appearance was to mirror the internal
arrangement (Hugo H&ring) and was to
develop from this as “organically” as the
entire house should from the surrounding
landscape (Frank Lloyd Wright) 160, 161.

Shapes of buildings that result from a
“better”-functioning plan layout do not
necessarily deviate from right angles and
straight lines. Organic architecture that
wants to be functionally superior to func-
tionalistic buildings does not necessarily
look different from the latter. The fact that
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7160 Organic residential plan
layout: Hugo Héring, hous-

es for the Werkbund estate,
Vienna-Lainz (1930-1932)

a house is organic in its design does not
necessarily show on the outside—at least
not at first sight. The appearance of the
building can change significantly when the
straightforward right angles and straight
lines of the layout are replaced by curves.
Taking into account, however, that there
are hardly any better reasons for curved
walls than for straight ones, we have to
admit that the flowing forms of organic
buildings purely symbolize purposes rath-
er than fulfilling them; this is also true of
the rectangular designs that are gener-
ally referred to as Bauhaus architecture.
One might even suggest that the “organ-
ic” architects had triggered an even more
independent formal vocabulary precisely
because they wanted to produce buildings
that were functionally superior to those of
their competitors. When you think of Frank
Gehry and Santiago Calatrava, the accusa-
tion of pursuing Formalism with estheti-
cally overdone organic designs applies in
the same way as it does to the Art Nouveau
style or Deconstructivism ™ 162. However,
that is not really a bad thing. Formalism
means that architecture maintains a com-



mitment to art, even when it is described
as “functionalist” or “organic” in order to
declare it as the opposite. Do we have to
conclude, then, that esthetically success-
ful biomimetic architecture will not take

its cues from nature and technology any
more than organic architecture does?

161 Unity of house and
landscape: Frank Lloyd
Wright, Fallingwater (1937)




Outlook on biomimetic architecture

We would like to go even further and state
that the term “biomimetic architecture”
cannot be justified until the scientific in-
put derived from biology has become sec-
ondary and its esthetic transformation into
architecture has become the primary fea-
ture. We believe that productive misunder-
standings and “far-fetched” reinterpreta-
tions of scientific findings and methods are
constitutive for their transfer into archi-
tecture and art. But we are talking about
the future! For now, we can only detect
efforts to utilize biomimetic products in
technical details (Flectofin, p. 11) or to
mold expressive shapes (research pavil-
ions] resulting from the technical trans-
fer of fascinating natural structures [ 163.
In view of the fact that these pavilions can
be entered and remind us of Ludwig Witt-
genstein’s famous dictum “Architecture is
a gesture,” it would not be out of place to
call them biomimetic pioneering buildings
or refer to an anticipation of biomimetic
architecture.

At this stage, two things are desirable:
firstly, that imaginative visualizations are
created as part of biomimetic research
that become popular amongst architects
and lead to more inspiring designs; and
secondly, that those few architects who
participate in biomimetic research remove
themselves a little bit from its enchant-
ment and consider that, in architecture,
many things we can learn from nature will
have to remain metaphoric. Architecture is
science and art. The authorship of biomi-
metics-inspired buildings cannot perma-
nently be delegated to objectifiable pro-
cesses. We will not be able to talk about
biomimetic architecture with the same
confidence as we talk about organic or
functionalist architecture unless the sub-
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jective authorship of the design is once
again vested in the designing architect.
There is one further point: architecture
informed by biomimetics will not be gen-
uinely legitimate unless buildings be-
come more ecological and the progress
unleashed by science and technology be-
comes obvious—also in the eyes of the
layperson. It goes without saying that ar-
chitecture understood in this way must
achieve high esthetic standards. We do not
emphasize this in order to claim that art is
a mandatory part of architecture. Instead,
this has to do with the fact that architec-
ture never only gains when it goes through
a process of examination by science and
technology; it also makes sacrifices. As a
result, we humans also win and lose. In
the best case, we will have the benefit of
healthy and well-functioning spaces that
strengthen us physically and psychologi-
cally. In the worst case, we lose some of
our identity. People are contradictory in
nature; they project themselves into the
future but also cling to the past. Archi-
tecture takes this into account if it finds
an expression for our rational as well as
our irrational needs.



162 Organic formalism:

Frank O. Gehry, Guggenheim
Museum, Bilbao (1993-97)

[T163 Biomimetic architecture:
ICD/ITKE Research Pavilion,
Stuttgart University (2014-15)




The biomimetic promise

Olga Speck / Johannes Gantner / Klaus Sedlbauer / Rafael Horn

Technical progress in recent centuries has brought enormous prosperity to a part
of humankind. Our modern lifestyle is largely based on material wealth. In order
to satisfy the corresponding consumption needs, huge quantities of raw materials
have to be extracted from the environment. Furthermore, after a short while, con-
sumer goods often turn into waste that pollutes the environment. The search for
sustainable solutions with the aim of preserving our environment without having
to forgo prosperity is therefore one of the biggest social challenges of the 21st cen-
tury. By taking a look at nature, we hope for help in this search. Biomimetic prod-

ucts seem to have special qualities, such as resource conservation, environmental

compatibility, and sustainability. But is that really true?

What is “biomimetic”?

Inthe modern era, biomimetics or “learn-
ing from living nature for technical solu-
tions” began with Leonardo da Vinci
(1452-1519]). In his time, he combined
the knowledge of various disciplines and,
in that way, met all the prerequisites for
a successful specialist of biomimetics.
Nowadays, a range of scientists from vari-
ous disciplines, including biology, chemis-
try, physics, mathematics, the engineering
sciences, the material sciences, architec-

ture, and design, cooperate in the devel-
opment of biomimetic products.

In recent years, two approaches have
proved to be successful in biomimet-
ics: starting from a biological issue (bot-
tom-up process = biology push] or from
a technical challenge (top-down process
= technology pulll, biological solutions
that have been optimized through evolu-
tion are transferred to technical applica-
tions 1,2, p. 11.

164 The flowers of the
bird-of-paradise plant
(Strelitzia reginae/ provid-
ed the example for joint-
free facade shading devices

of the Flectofin type.



A well-known example of the bottom-up
process in biomimetics is the self-cleaning
facade paint Lotusan. As with the leaves of
the Indian lotus flower (Nelumbo nucifera)
[T165, droplets of water simply run off this
paint, taking the dirt with them. The bio-
mimetic Flectofin facade shading device is
the result of a top-down process. In search
of a joint-free shading device for buildings,
biologists and engineers were inspired by
the deformation principles found in the
flower of the bird-of-paradise plant (Stre-
litzia reginae) 1e64.

Interestingly, you cannot tell by looking at a
product whether itis biomimetic or not. To
come to that conclusion, it is necessary to
know the product’s developmental history.
Only then can we find out whether all three
criteria for a biomimetic product are met:
(1) a biological role model exists; (2) the
product is detached from the natural mod-
el (abstraction), and (3] a technical product
existslT168. The critical step between bio-
logical role model and technical product is
that of abstraction. This can be a computer
simulation, a mathematical formula, or a
construction plan—ultimately involving a
shared language that can be understood
by natural scientists and engineers alike.

[7165 The self-cleaning
leaves of the Indian lotus
flower [Nelumbo nucif-
era) provided the example
for facade paint with the

brand name Lotusan.

What is “sustainable”?

The origin of the term “sustainability” goes
back more than 300 years. Hannf3 Carlvon
Carlowitz first used the term in 1713 in his
work on forestry entitled Sylvicultura oeco-
nomica oder haufiwirthliche Nachricht und
NaturméBige Anweisung zur wilden Baum-
Zucht. Since then, the term “sustainabili-
ty” or “sustainable development” has been
used again and again. However, it did not
attract worldwide attention until the ever
faster-growing economic system spread
across the entire globe. The first conse-
quences of this huge growth became ev-
ident in the middle of the 20th century.




The report The Limits to Growth pub-
lished in 1972 by the Club of Rome looks
at the consequences of human interfer-
ence with nature. The Brundtland Report
of 1987 includes the only internationally
recognized definition of sustainable de-
velopment: “Sustainable development is
development that meets the needs of the
present without compromising the ability
of future generations to meet their own
needs.” At the so-called Earth Summit in
Rio de Janeiro, Brazil, in 1992, sustainable
development was selected as the guiding
principle of international environmental
and development policy. Since then, large
conferences have been taking place on a
regular basis, and more and more com-
panies publicly commit themselves to the

Nested model
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The three dimensions depend on each
other and are not of equal importance.
Economy is embedded in society, and this
in turn in the environment. The nested
model was developed by the environmen-
tal movement and makes considerable
demands regarding limiting the econo-
my and society. In the variant shown here,
sustainability is shown as a linking ele-
ment that extends through all dimensions.

182

guiding principle of sustainability. The
key challenge is to derive a societal mod-
el from this political concept. This change
is already taking place. With the so-called
Sustainable Development Goals (SDGs),
the United Nations adopted a catalog of
objectivesin 2016. It comprises seventeen
development goals that are intended to
protect our future. They apply to poorer
countries, but also to industrial nations
such as Germany. Because these goals are
not a legally binding contract, the earth’s
nations have been asked to decide on ad-
ditional national or international objec-
tives. Managing climate change is one of
the development goals, and its effects are
already an acute problem for many today.
For this reason, at the 2015 UN Climate

Intersected model

Society

livable

Sustainability

Environment

viable

The three dimensions are independent,
each representing an area of one-dimen-
sional sustainability. These are defined as
minimum requirements (bottom line). For
this reason, the model is also called “tri-
ple bottom line”. Sustainable development
is only possible where all three intersect.
It is mostly assumed that the dimensi-
ons can influence each other and there-
fore can be shifted against each other.



Change Conference in Paris, worldwide
goals were agreed that are binding under
international law.

These big decisions are important but can
only function when every individual does
his or her bit to preserve our world. It is
up to each individual to apply this guiding
principle to his or her own concrete ac-
tions. We can all contribute to sustaina-
ble development every day by preserving
resources, avoiding waste, and acting in
a frugal way. To make this possible, the
goals of sustainable development must
be transferred from the global level to
the level of everyday actions. A number
of models are in existence that attempt
to make this connection. In doing so, they
invariably represent a certain view and in-

Three-pillar model

Sustainability

Society
Economy
Environment

All three areas stand on their own.

They are of equal importance and
significance. All three pillars should
contribute equally to sustainability and
cannot be offset against each other.

The model represents the stability of
sustainability and is particularly popular
in German-speaking countries.

terpretation of sustainability. Most models
are based on a subdivision of sustaina-
bility into the dimensions of environment,
society, and economy. The biggest differ-
ences lie in the way these dimensions de-
pend on and influence each other. It is the
peculiar nature of models that they only
represent an image of reality. The differ-
ent perspectives of the models therefore
also make it possible to investigate the dif-
ferent interpretation options of sustaina-
bility M 166.

166 Different models
emphasize the guiding
principle of sustainability

from different viewpoints.

Bio-inspired model

Function

Sustainability
Environment
Aniqeuresng

Resource

This model is inspired by the basic functio-
nality of biological systems. It describes a
system that fulfills a certain desired func-
tion with the help of resources. This system
is sustainable when it can maintain itself
and fulfills the function without irreversible
damage to the resources. It follows that su-
stainability is here a time component of self-
preservation. The dimensions are connecting
the input [resource demand) and the out-
put [function] of the system in question.
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Increase in efficiency
Resource efficiency
Energy efficiency
Material efficiency

Eco-efficiency

167 The sustainabili-
ty strategies of efficiency,
consistency, and sufficiency
all contribute to reaching the
goal of sustainability. Each
one on its own is not enough;
they can only be successful

when the strategies interact.
Furthermore, all dimensions

must be taken into account.

How can we contribute to sustainability?

By now, the effects of the non-sustainable
industrial society are so dramatic that they
threaten key functions of the global eco-
system. If we want to preserve the earth
as we know it, we all have to make sure
that our lifestyle is sustainable. So, what
can we do? The development of our world
towards a society that is fit for the future
concerns all levels—from global political
decisions through to the way we live our
daily lives. We can take an active part in
this development by participating in the so-
cial, environmental, and economic change
processes. When discussing a sustainable
lifestyle, three sustainability strategies are
often mentioned: (1) efficiency (= better),
(2) consistency (= differently), and (3) suf-
ficiency (= less)T167. We can contribute
to efficiency by making better use of re-
sources (raw materials, energy, water, and
so on). For example, in agricultural culti-
vation it is possible to conserve up to 80
percent of the water used by switching to
droplet irrigation instead of sprinkler ir-
rigation or open trenches. Of course, it is
also possible that such savings of water
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Sustainability

Effectiveness
Recycling

Re-use

Renewable energy
Bio-based materials

Decarbonization

Sufficiency

Savings
Saving of living space
Multifunctionality

Sharing economy

will lead to an increase in the consump-
tion of consumables. This is referred to
as the rebound effect. An example of the
rebound effect is when a motorist chang-
es to a car with lower fuel consumption
but then drives more or spends the mon-
ey saved on a trip by air. In order to pre-
vent this additional consumption, the two
other strategies are needed, consisten-
cy and sufficiency. By means of consist-
ency, i.e., a change from environmentally
harmful to nature-compatible technolo-
gies, we can contribute to more sustaina-
ble development. Examples of consisten-
cy are solar thermal systems that cover
the demand for heat by using solar en-
ergy rather than burning fossil fuels. In
view of the fact that neither efficiency nor
consistency are challenging to our com-
mercial growth or our consumer model,
both commerce and society as awhole, as
well as each individual, accept these strat-
egies more readily and even seek to put
them into practice. However, it is a differ-
ent matter when it comes to the strategy
of sufficiency, which aims for a reduction
in consumption and therefore demands a
rethink of our behavior. But the point of the



strategy is not only to forgo certain things
because “sometimes less is more”; the
voluntary speed limit on the highway leads
to conservation of gas and to improvement
in the quality of life due to more relaxed
driving and improved safety.

All three strategies can contribute to sus-
tainable development, but they are not a
“free ticket.” Furthermore, they unfold
their greatest effect when they are ap-
plied together. We need to take into ac-
count, however, that the strategies mostly
compete with each other. This means we
have to find a balance between the envi-
ronment, the economy, and society. For
example, intensive agriculture can lead to
improved commercial viability but is car-
ried out at the expense of the environment.
This complexity means that frequently
there are no optimal solutions for sustain-
ability and that the assessment of sustain-
ability is a complicated matter. Aside from
the scientific assessment, every individual
can apply the strategies in everyday de-
cisions as well as, primarily, in big deci-
sions. People who question their actions
and take into account the criteria of sus-
tainability are taking a big step towards
sustainability.

How do we measure sustainability?

Sustainable development can only take
place when the criteria of sustainability
play an important role in our decisions.
The details of these criteria and how they
are to be assessed are still a subject for
scientific and social discussion. Owing to
the change in the meaning of the term over
its long development, and also its ubiqui-
tous application, the term “sustainabili-
ty” has come to be something of an empty
shellin the public perception. On the other

hand, attempts are being made to clarify
and simplify the term and ultimately make
it measurable. This search for meaning
plays out in the realm of political boundary
conditions as well as purchase decisions
or choosing where to go for the annual
holiday. In order to be able to compare
different alternatives with a view to their
sustainability, it is necessary to make the
options measurable. To do that, the entire
life cycle of products must be analyzed.
The effects of production, use, and end-
of-life disposal are investigated with re-
spect to the dimensions of sustainability.
This provides a comprehensive insight into
the sustainability of a product and allows
direct comparison of different products.

In all analyses of sustainability, it is essen-
tial to ensure that the items under con-
sideration are actually comparable. Was
the product selected for comparison ap-
propriate? Is there a comparable product
for a brand-new innovation available on
the market? Are old products compared to
current solutions? These and other ques-
tions must be carefully considered before
the analysis; they must be documented
in the context of the result and taken into
account in the interpretation of the re-
sults. The environmental aspects can be
assessed using what is known as life cy-
cle assessment. This method is now widely
accepted and standardized, which means
its results can be compared reliably. Us-
ing life cycle assessment, it is possible, for
example, to assess the effect of a product
on climate change or to assess its impact
on land use. For the economic assessment
we have to consider not only negative as-
pects (e.g., costs) but also advantages
(e.g., competitive advantage). There are
a number of different approaches to as-
sessing this dimension of sustainability.
However, none of these approaches has
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Biomimetic?

Criteria:

analysis of the contribution

to:
1. Biological role model
2. Abstraction

3. Technical application

Conclusion

Qualitative/quantitative

Sustainable?

168 Schematic illustra-
tion of the procedure for
defining and measuring

the biomimetic promise

1. Environmental goals
2. Economic goals

3. Social goals

The biomimetic promise has or has not been fulfilled.

yet been generally established; as a re-
sult, it is often difficult to compare prod-
ucts with respect to their economic sus-
tainability. When we only consider costs,
we can calculate the life cycle costs. The
calculation follows a similar pattern to
that of the environmental assessment,
which means the two methods can both
be applied consistently.

The third dimension of sustainability is the
most difficult to assess. Social assess-
ment cannot be determined via physical
parameters or costs. What is socially ac-
ceptable to us depends to a large extent
on our cultural background and the so-
cial environment. This means that there
is no simple equation with which we can
calculate social sustainability. Of the as-
sessment approaches that have been put
forward to date, none has as yet been es-
tablished as standard. To respond to this
challenge and find a solution is a task for
future research.
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Biomimetics and
sustainability

Is nature sustainable?

In nature, all living beings are the result
of 3.8 billion years of biological evolution.
Variations in the offsprings of a particu-
lar species come about through accidental
change and through combining the paren-
tal genetic information. Owing to limited
resources (e.g., food], they compete with
each other. The best-adapted individuals
have the greatest chance of survival and
the greatest success in reproduction.

Sustainability, however, is a guiding prin-
ciple that has been defined and redefined
by humankind over the last 300 years. Itis
a term that relates to the vision of human
intergenerational equity in all fields, tak-
ing into account the limited availability of
resources, and it provides guidance as to
how this desired state can be achieved. In
summary, we can say that, in contrast to
sustainability, nature is not following an
anthropocentric perspective and does not
know teleological thinking and acting, but
is characterized by biological evolution.
By definition, then, nature is not sustain-
able and therefore cannot provide simple
examples of sustainability for us to copy.



169 The lightweight ceil-
ing structure covering the
former zoology auditorium
at the University of Freiburg,
which was inspired by the

inner structure of bones.

Does this mean that learning from nature
for sustainable development and strate-
gies is fully precluded? No, because na-
ture can provide inspiration for the de-
velopment of solutions that enable us to
achieve the environmental, economic, and
social goals of sustainability. Even though
nature itself is not sustainable, learning
from nature for sustainable development
is important, because taking natural prin-
ciples (e.g., circular economy, resource
conservation) into account can contribute
to the development of an economy and a
way of life that are compatible with nature.

Are biomimetic solutions sustainable?

If nature per se is not sustainable as de-
fined by the guiding principle, it follows
that the development and implementation
of a biomimetic innovation does not auto-
matically guarantee that it is sustainable
either. However, biomimetic products are
credited with the considerable potential of
being able to contribute to more sustain-
able technological development because
the idea came to technology from nature.
Biomimetic solutions supply objective
data, such as the identification of a biolog-
ical role model and the description of the
functional principle to be transferred, but
also that they evoke positive emotions due
to our fascination with living nature. Fur-
thermore, biomimetic products give the
impression that they have been tried and
tested in evolution and therefore promise
technical solutions that are more environ-
mentally compatible. To fulfill this biomi-
metic promise, the product must comply
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with two prerequisites: firstly, it must be
biomimetic, and secondly, it must fulfill
relevant sustainability criteria. These two
prerequisites are examined one after the
other. The assessment of the contribution
to sustainability can be accomplished us-
ing different sustainability assessment
methods [T168. Comparative sustainabili-
ty assessment of biomimetic and conven-
tional products has already been carried
out in individual case studies using this
method. An example is the comparison of
the lightweight building construction of a
concrete ceiling based on the example of
abonel 1 with two conventional solutions.
In the sustainability assessment, the bio-
mimetic ribbed slab [M169 demonstrated
good results in terms of life-cycle assess-
ment and potential social aspects when
compared with equivalent constructions
using current technology. On the other
hand, the biomimetic solution is current-
ly 2.2 times more costly than a hollow core
slab or a prestressed concrete slab. Not
least for this reason, the construction cov-
ering the lecture hall at the University of
Freiburg will remain unique, with a special
architectural esthetic.

In another study, the biomimetic facade
paint Lotusan was compared with a con-
ventional paint. The sustainability as-
sessment revealed that the self-cleaning
paint Lotusan is cost-effective and re-
source-conserving, and overall prefera-
ble to conventional paint.
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