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Preface

This volume contains papers presented at the 3" International Conference on Design
and Nature, held in the New Forest, England, in 2006, and is part of the Transactions
of the Wessex Institute, permanently available on-line at www.witpress.com.

Launched in 2002, this conference acts as a forum for researchers from around
the world working on a variety of studies involving nature and its significance to
modern scientific thought and design. The Conference provides a channel of
communication between all those working in this exciting new discipline, whether
they are in academia, research institutions or industry.

Many leading discoveries have been prompted by parallels between nature and
human design. Today, advances in scientific knowledge coupled with powerful
computers and simulation models have made comprehensive studies of nature
possible.

This book includes sections dealing with: Design in nature; Shape and form in
engineering and nature; Nature and architectural design; Thermodynamics in nature;
Biomimetics; Natural materials in engineering; Mechanics in nature; Bioengineering;
Bionics; Solutions from nature; Evolutionary optimisation; Complexity and
Sustainability studies.

The Editor is grateful to the members of the International Scientific Advisory
Committee and other colleagues for helping to select the papers published in this
book and to all contributors for the quality of their work.

The Editor
The New Forest, UK, 2006
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Flapping-wing aer ohydromechanicsin nature
and engineering

K.D. Jones & M. F. Platzer
AeroHydro Research and Technology Associates, Pebble Beach,
California, USA

Abstract

Flapping wings have been the propulsion system used by birds, insects and fish
for millions of years. Y et, the preferred system for aircraft and ship propulsion is
the propeller or jet engine. It is the objective of this paper to show that recent
interest in the development of micro air vehicles may lead to the adoption of
flapping-wing propulsors as the superior system. Also, it is shown that flapping
hydrofoils may have potential as effective water energy conversion devices. The
knowledge gained in the aerohydromechanics of birds, insects and fish therefore
may soon be applied to the design of air vehicles and power generators.
Keywords: air vehicle design, hydropower generation, flapping-wing aerohydro-
mechanics.

1 Introduction

Birds, insects, fish and cetaceans use flapping wings as thrust and lift generators.
Therefore, it is not surprising that the idea of adopting flapping wings for the
propulsion of man-made objects was examined as early as 1490 by Leonardo da
Vinci. At the end of the 19" century and the beginning of the 20" century,
numerous attempts were made to develop flight vehicles using flapping wings.
One of these early flight pioneers was Otto Lilienthal in Berlin, who remarked
about his fascination in observing the flight performance of storks [1]. Indeed,
anyone looking at fig. 1 will marvel a the pelican’s flight abilities. An
examination of the scientific literature on the aerohydromechanics of flapping
wings, as conducted recently by Rozhdestvensky and Ryzhov [2], reveals many
studies of the physics of flapping-wing propulsion with the goal of exploring

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)
doi:10.2495/DN060011



4 Design and Nature |11: Comparing Design in Nature with Science and Engineering

their potential as efficient propulsors and lift generators as well as wind and
water energy conversion devices.

Figurel: A brown pelican takes advantage of ground effect on Monterey
Bay.

As stated by Rozhdestvensky and Ryzhov, interest in flapping-wing devices
is justified because propulsive systems with flapping wings can be viewed as
“ecologically” pure, are relatively low-frequency systems, possess sufficiently
high efficiency, are multi-functional in the sense of being capable of operating in
different regimes of motion, can combine the function of propulsor, control
device, and stabilizer, can provide datic thrust, can provide high
maneuverability, possess more acceptable cavitation characteristics than
conventional propellers, have relatively low aerodynamic drag in the “switched-
off” position, and allow the use of modern controls, MEMS, piezo-electric,
reciprocating chemical muscles, and other technologies.

Furthermore, the phenomenon of wing flutter is well known to aeronautical
engineers causing an aircraft wing to absorb energy from the air flow due to the
self-excited wing vibration. Flapping wings therefore have the potential of
serving as efficient wind or hydropower generators.

Yet, it isafact that flapping wings have found few applications as airplane or
ship propulsors and as power generators. This raises the question whether
systems which have been favored by nature for millions of years are inherently
less suitable for man-made applications or whether this situation is likely to
change in the near future because of the need for new vehicles and energy
conversion devices. It is the objective of this paper to address this question.

2 Fundamentalsof thrust generation by wing flapping

Airplanes are being propelled by gecting high-velocity air from the propeller or
the jet engine. It may not be obvious that the same principle holds for flapping
wings. This can be understood from fig. 2. In a). we show a visualization of the

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



Design and Nature I11: Comparing Design in Nature with Science and Engineering 5

flow generated downstream of a NACA 0012 airfoil in a low-speed water flow.
The foil is held steady at zero angle of attack. It is seen that a so-called vortex
street is shed from the trailing edge consisting of two rows of vortices. The
upper-row of vortices are turning clockwise, the lower-row of vortices are
turning counter-clockwise. This type of vortex street is usualy referred to as a
Karman vortex street, named after Theodore von Karman who first explained its
structure. The following three visualizations show the vortex streets which are
being generated when the airfoil starts to flap in the vertical direction (pure
plunge mode) with increasing frequency. It is seen that the vortex street
eventually becomes the exact reverse of the Karman vortex street shed from the
stationary airfoil. It is therefore often referred to as the reverse Karman vortex
street. A closer inspection of the velocities induced by this vortex street reveals
that counter-rotating upper-row vortices together with the clockwise lower-row
vortices induce a time-averaged flow between the two rows which has the shape
of ajet. Hence wing flapping achieves the same effect as man-made propellers or
jet engines.

&
- - -
’Qﬁ.‘-"ﬂ“'-*"" P e

a). St = 0.00 b). St=0.03

7

-
-

c). St=0.06 d). St=0.12
Figure 2: Vortex street formation with increasing Strouhal number.

A still closer inspection leads to the recognition that there are three
parameters which affect this process, namely the amplitude and frequency of
oscillation and the flying speed of the bird, insect, fish or cetacean. The flow
features remain similar when the product of frequency, f, and amplitude, A,
divided by the flying speed, U, remains constant. This quantity is usually
denoted as the Strouhal number given by

S = fAU. @)

The frequency and amplitude must be sufficiently large in order to generate a
reverse Karman vortex street and therefore a significant amount of thrust, as

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



6 Design and Nature |11: Comparing Design in Nature with Science and Engineering

shown in fig. 2. Most importantly, the flying speed must be small in order to
obtain a sufficiently large Strouhal number which will lead to thrust generation.

This insight leads to the conclusion that flapping wing propulsion is
inherently limited to relatively low-speed flight or low-speed motion in water.
Hence, flapping-wing powered man-made vehicles are likely to be low-speed
vehicles. It is therefore not surprising that flapping-wing systems received
relatively little attention in the last century because speed was always a major
objective.

3 Flapping-wing powered micro air vehicles

However, it now appears that a new class of vehicles is becoming of interest for
a number of applications. It is the class of micro air vehicles (MAV) or nano air
vehicles (NAV). MAVs are defined as vehicles whose length, span or height
does not exceed 15 cm. NAVs have dimensions not exceeding 7.5 cm. Clearly,
such vehicles have sizes comparable to those of birds, fish and, ultimately, of
insects. The aeronautical and hydronautical engineer therefore is faced with the
guestion of whether propulsion and lifting systems developed by nature are
better suited for typical MAV and NAV missions than the conventional rotary
systems developed over the past century.

It istoo early to give a definitive answer to this question and we merely refer
to our recent review paper [3] on this subject and the additional references
quoted therein. Instead, we draw attention to two flapping-wing powered
unmanned air vehicles which have been developed in recent years.

Basically, two approaches might be used for the development of flapping-
wing powered vehicles. One may want to imitate existing living creatures to the
maximum possible extent. This approach is usually referred to as the biomimetic
design approach. The second method is based on the adoption of only a few
features found in nature while retaining other features from conventional man-
made vehicles. Thisis the biomorphic design approach.

The AeroVironment Company in California chose to pursue the biomimetic
approach by imitating conventional bird flight. This vehicle called the Microbat
is shown in fig. 3. It evolved from the well known rubberband powered designs
by substituting an electric motor drive-train for the rubberband and adding a
radio for control. The energy for the motor is supplied by a Lithium-polymer
(L1-poly) battery. The span is 23 cm and the tota vehicle weight is 14 g. It has
made flights of 25 minutes duration.

In contrast, we have chosen the biomorphic design approach for our vehicle
shown in fig. 4. It has a fixed wing for lift generation and two wings mounted
behind the fixed wing which flap in counterphase, i.e., when the upper wing
moves up the lower one moves down and vice versa. In this way the joint center
of gravity of the two flapping wings remains stationary and therefore the
flapping oscillation does not cause undesirable oscillation of the complete
vehicle.

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)
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Figure 3: AeroVironment Microbat.

Figure 4: Authors' biomorphic flapping-wing propelled MAV.

Furthermore, the two flapping wings flap with constant amplitude along the
span. This has the advantage that thrust is generated along the whole span in
contrast to the bird wing where the flapping amplitude and hence the thrust
decrease to zero at the wing root. Clearly, the bird has no choice whereas we
were free to adopt only those features from nature which were most useful for
our purpose. In this case we adopted from nature only the flapping wing concept,
but retained the conventional airplane design feature of separating the thrust and
lift generators. Actually, our arrangement is somewhat more sophisticated than

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



8 Design and Nature |11: Comparing Design in Nature with Science and Engineering

that because the flapping wings are mounted very close to the trailing edge of the
stationary wing and therefore the three wings influence each other. It turns out
that this mutual interaction is quite beneficial because the flapping wings cause
an upstream entrainment effect which keeps the flow over the upper surface of
the fixed wing attached to much larger incidence angles than would otherwise be
the case. Our MAYV therefore is remarkably insensitive to wind gusts.

Another interesting question is raised by our use of flapping wings in a
biplane arrangement. We adopted this concept because our computational and
experimental studies showed that flapping biplane wings generate more thrust
and have higher propulsive efficiency than single wings. The effect is equivalent
to flight of a single wing near a planar surface, such as the ocean surface. It is
referred to as the ground effect. The pelican shown in fig. 1 flies in ground
effect. One may therefore wonder whether flapping biplane wings evolved in
nature. Although there are no current insects or birds using the biplane concept
the answer, surprisingly, is that there is evidence of insects using this concept
many millions of years ago. As discussed by Wootton and Kukalova-Peck [4],
homoiopteridae are an ancient group of large, sometimes gigantic insects, found
in Carboniferous insect beds. Most had unusualy large wings. The hind wings
were usually broader-based than the fore-wings, but they overlapped extensively.
This extensive overlapping appears to have been the case also for some members
of the family Lycocercidae. In fact, in one case the wings appear to have
overlapped amost completely. It remains an interesting question why biplane
insects became extinct. Birds, on the other hand, evolved from 4-limbed
ancestors, and since other requirements for survival required two to remain as
legs, it was essentialy impossible for birds to evolve into the biplane
arrangement that we use, and yet, the Pelican in fig. 1 is most of the way there.
He gets all the benefits of ground effect, but still misses out on the benefits of
mechanical balance.

More details about this design, development and flight performance can be
found in references [5] and [6].

4 Flapping-wing power extraction

The possibility of energy extraction from an air stream due to wing vibrations is
a well known phenomenon in aeronautical engineering. Wing flutter can be so
dangerous that it may break a wing in just a few seconds. The fundamental
underlying mechanism can be understood by looking at fig. 5 which shows an
airfoil that can oscillate in a combined pitch and plunge motion. It is readily seen
from the upper figure that the lift acts in the same direction as the airfoil’s
motion if the pitch motion leads the plunge motion by 90 degrees. This implies
that a net amount of work is done by the air on the airfail, i.e., a certain amount
of energy is absorbed from the air by the airfoil. As aresult the amplitude of the
airfoil oscillation will increase until the wing breaks. On the other hand, in the
lower figure, the phase angle between the motionsis zero and the lift opposes the
motion during parts of the airfoil oscillation cycle. Hence in this case no net
work isdone by the air on the airfoil and no energy is transferred to the airfail.

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)
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b). 0 degree phase angle @

Figure 5: Combined pitch/plunge airfoil oscillation with @) 90 degree phase
b) O degree phase angle.

It is evident that this phenomenon can be used for power generation if the
airfoil motion is linked to an electric generator. McKinney and Delaurier [7]
built such an oscillating-wing power generator already a quarter of a century ago
and showed the feasibility of extracting energy from a wind stream. However,
little work was done since then to explore the competitiveness of such a system
with the conventional wind turbines using rotating blades.

However, in recent years this possibility of power generation attracted
interest in Great Britain, Germany and the United States for the extraction of the
kinetic energy available in rivers and tidal streams. For example, according to J.
Blumenfeld, director of San Francisco's Environment Department, nearly 400
billion gallons of water rush each day through the San Francisco Golden Gate at
a speed of about 4 knots. If harnessed, the energy from this water could be an
answer to the city’s power needs [8].

Similar considerations motivated the British company Engineering Business
Limited [9] to propose a tidal stream generator based on the flapping wing
concept. Serious development of the technology started in late summer 2001
with the support of the British Department of Trade and Industry under its New
and Renewable Energy Program. This generator consists of a large hydroplane
which has a chord length of 3 m and a span of 15.5 m. Its angle of attack is
varied to produce lift and drag, which forces a support arm to oscillate up and
down. The arm is restrained by hydraulic cylinders and the resulting high
pressure oil is used to drive a hydraulic motor, close-coupled to an electric
generator. The design power output was 150 kW during operation in a 4 knot
current. During the following three years this generator was built and mounted
on the seabed of Yell Sound in the Shetland Islands. The company was able to
demonstrate satisfactory operation, but the further development of the system
was halted due to lack of follow-on funding.

In Germany a small company Aniprop GmbH [10] developed a small
flapping-wing hydropower generator which was installed in summer 2003 in a
channel located in the city of Augsburg. The generator consists of a single

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)
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hydrofoil with a chord length of 0.4 m and a span of 1.9 m. The power output
was approximately 3 kW in a water flow of 2 m/s. Testing and further
development of this generator is still continuing.

In the United States we started in 1996 with development of a micro
hydropower generator which had a single hydrofoil of 62 mm chord length and a
span of 350 mm. We then improved this generator by employing two wings in
the tandem arrangement shown in fig. 6. The two hydrofoils were forced to flap
with a 90 degree phase difference, such that the null spot of one coincided with
the power stroke of the other. The hydrofoils could be forced to plunge with
amplitudes up to 1.4c and pitch amplitudes up to 90 degrees. This generator was
tested in a water tunnel at water velocities up to 0.4 m/s. Further details can be
found in reference [11]. Encouraged by this experience, we have developed a
new generator with an expected power output of several KW. Tests of this new
generator are currently underway.

s J-u—,
P 51
] 'a“ . = = r“-‘. L
E sl e N
IR (IR

Figure 6: Authors' twin-wing hydropower generator in the water tunnel.

5 Summary and outlook

Aeronautical and power engineering are typically associated with systems not
found in Nature, i.e., with propellers, jet engines, turbines etc. In this paper we
tried to show that the design of new air vehicles, especially micro air vehicles,
can benefit from propulsion and lift generation systems evolved by Nature over
millions of years. Rubber powered birds could be purchased in many toy stores
and such “micro air vehicles’” were indeed regarded as toys of no practical value.
Yet, it is now becoming clear that the coalescence of three technologies, namely
flapping wing technology combined with enormous progress in battery and
miniature electronics technologies, is soon making it possible to develop air
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vehicles with great potentia utility for a number of flight missions. Similarly,
flapping hydrofoils are likely to open up new possibilities for renewable energy
generation. Hence, it appears that there is much to be learned from Nature to
stimulate new developments in aeronautical and power engineering.
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A graphic way for notch shape optimization

C. Mattheck, J. Sorensen & K. Bethge
Institute for Materials Research I,
Forschungszentrum Karlsruhe GmbH, Germany

Abstract

Many components have notches and notches are in the mgjority of cases the
reason for failure. There are many options to reach a longer lifetime and a better
utilisation of material. One method for the shape optimization of components,
developed in Forschungszentrum Karlsruhe, uses the design rules of nature.
During the last 15 years it has spread very well and proven itself in industry,
especially in automotive engineering. The limits for using the CAO-method
(Computer Aided Optimization) are more or less of an economic nature. So we
need a method that allows optimization by everybody.

Now a new pure graphical method has been found, which works without any
FEM or optimization software. It is called the “Method of Tensile Triangles” and
requires only a set square and a piece of paper to optimize the notch shape in an
effective and simple way.

Keywords:  optimization of components, design rules, fatigue, graphical
methods.

1 Introduction

It is of constantly increasing significance for industry to save time and money in
order to produce more efficiently. The time to construct or modify components
becomes shorter and shorter at the end of a development phase. Consequently, it
is not always possible to apply complex, FE-based optimization methods. Such
methods are mainly and justifiably used in special problem cases or highly
loaded areas. The CAO method (computer-aided optimization) [1] eases
problematic points, but often requires severa iterations. In case of complex
components, use of the CAO method together with FEM analyses is associated
with the need for computing capacity and time.
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In many cases, the “method of tensile triangles’ would rapidly produce good
results, and this only with a set square or with simple construction rulesin CAD.

2 Procedure of the“Method of Tensile Triangles”

When studying the shoulder fillet under tensile loading (Fig. 1), potential slip
planes and shear stresses due to an obvious longitudinal shear result in
equivalent tensile stresses. This results in principle tensile stresses that are tilted
by about 45° to the beam axis near the notch.

A A Jr

f e e

Figure 1: Stresses near a notch under tensile loading.

The “method of tensile triangles’ starts with this knowledge. When looking at
the foot of atree s trunk, see Fig. 2, a 45° tension rope is found to extend along
the upper side of the root. When applied to technical components, an existing
notch is bridged by a tensile triangle, as shown in Fig. 3. The repetition of this
procedure is the method of tensile triangles. Figure 3 illustrates the method
proposed by Mattheck and verified for a shoulder fillet in [2]. In alast step, the
segments have to be rounded to obtain an optimized notch shape.
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TENSILE
ROPE AVOIDS

\ NOTCH STRESS

Figure2:  The buttress root bridges the sharp edge at the foot of the trunk like
arope.

HOW To OPTIMIZE |

Figure 3: Principle of the method of tensile triangles for uniaxial tension.

3 Examples of application
3.1 Shoulder fillet

The optimization method is amed at reducing notch stresses of components.
These notch stresses are locally highly loaded areas which often represent the
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starting points of cracks in the component and, hence, the start of falure. By
optimizing the geometry of such notches, it is possible to reduce the notch
stresses so that component lifetimeis increased significantly.

|ENGWEER'S NaTClt |

‘ .f“\ = -engineer's nolch

\ —tree's notch

Figure 4: Stresses at the shoulder fillet. Rounding with a quadrant notch (left)
and method of tensile tri-angles (right).

It is obvious from Fig. 4 that the shoulder fillet on the left that is rounded with
a quadrant notch causes a locally high stress maximum. In contrast to this, the
shoulder optimized by means of the method of tensile triangles is characterized
by avery homogeneous stress along the contour.

3.2 Fork

Biaxia loads of forks e.g. may aso be optimized by means of the method of
tensile triangles (Figs. 5 and 6) [2]. At the same load ratios, a point of
intersection of the bisecting line with the perpendiculars to the legs is obtained.
From this point of intersection, the first tensile triangle is generated at an angle
of 45° to the perpendicular. The following tensile triangles bridge the newly
generated notches with increasingly obtuse angles and, thus, increasingly ease
the notches.

Each leg with the corresponding perpendicular forms a shoulder and is
optimized in analogy to the shoulder fillet.

At unbalanced load ratios, the bisecting line from Fig. 5 varies depending on
the ratios. At aload ratio of 3 to 1, for instance, it changes to aratio of 45° to
15°, as shown in Fig. 6. Variation of this ratio aso changes the design space for
the corresponding tensile triangles. The way of designing does not change. As
described above, the individual straight lines are smoothed by radii.

Asis obvious from the stress plot (Fig. 6), maximum stress of the stress curve
is significantly reduced.

A common question in the optimization of a notch shape is “how large shall
the design spaces be chosen?’. To answer this question, it can be stated that
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irrespective of the other parameters, always the largest possible design space
should be chosen in principle. In most cases, this “largest possible” design space
islimited by the component function or accessory parts.

ENGWEE‘R 5. NaTCit

Notch Stress
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Figure 5: Fork under symmetric bending load.

To determine the design space required for a stress concentration factor of
about 1, a FE model of the beam shoulder was studied using various radial
design spaces. The geometry for all models studied is a beam shoulder under
tensile loading with a width ratio of 3 to 1. Figure 7 shows the results of this
study compared to the optimization by CAO. For the beam shoulder selected
here, models with aradial design space of more than 45% of the largest possible
design space, i.e. the width of the shoulder, exhibit a maximum stress similar to
CAO optimization shown in Fig. 7. Furthermore, it can be noticed that an
increase of the design space by more than 45% resultsin a small reduction of the
stress only, whereas the same increase of the design space at lower levels causes
high stress reductions.
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Figure 6: Fork under unsymmetrical bending load (3to 1).
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Figure 7: Studies related to the radial design space.
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Figure 8: Studies related to the axial design space.

When looking at the number of tensile triangles used to determine the axial
design space needed (see Fig. 8), it becomes obvious that the use of more than
three tensile triangles does not reduce the stresses any further, but increases the
required axial design space. Hence, not less than two, but, if possible, three
tensile triangles should be used.

Figure 9: Non-optimized specimen (front) and two specimen with different
degree of optimization.
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4 Experiments

To verify the method of tensile triangles, beam shoulders were subjected to
fatigue tests using a variable number of tensile triangles [3]. Figure 9 shows the
specimen types and Fig. 10 the results of the fatigue tests. It is obvious that the
notch located on the right side in the figure is aways the most endangered one
and that the initiation path of the crack is located vertically to the “tension rope”
of the following tensile triangle. This makes the method of tensile triangles
plausible. At the position of the potential crack, most material is applied and the
tensile rope bridges the potential crack symmetrically.

32
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27 —— Crack geometry
—— Crack geometry
22 —— Bisecting line
— — Tensile rope
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Figure 10:  Results of fatigue tests with front- and backside crack path.
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Abstract

Although cellular morphogenesis is an area of microbiology that is widely
studied, very little is understood about the manner in which cells shape
themselves or how they optimise their form to their environment. There exists
an extensive literature on body shape, anatomy and life cycle of numerous
single-celled micro-organisms including both prokaryotes and eukaryotes.
However, with regards to morphology itself, there is a shortage of general
empirical relationships to enable the interknitting of specific features that could
lead to a biologically justifiable generic form. This paper comprises a concise
review of the subject together with an assessment of the experimental approach
which could be used, within an intended overall context of Engineering Design.
Keywords:  morphology, morphogenesis, prokaryotes, eukaryotes, confocal
microscope, microtubule, kineties, buccal cavity, oral apparatus, cytoskeleton,
protozoa, ciliates, flagellates, protists.

1 Introduction

The cell shape is itself a characteristic property of a species. It would be most
advantageous if the parameters of the surface could be used directly as characters
themselves, particularly if their values could be used as a vector to define a
location in some (morpho-) space, and with a distance between such locations
being a measure of the difference between individuals. Sets of such vectors
could then be subjected to cluster analysis and other grouping techniques to
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uncover or establish relationships. The fitting of the extracted surface to a
generic model is an application of several established techniques [21-26].

1.1 Biology

A fundamental objective of classicad morphology in microbiology is the
identification and classification of the basic shapes that cells can assume; to
display morphologica regularities corresponding to familiar categories, and, if
possible to express mathematically the harmony of forms. This approach was
proposed by Harold [1] but because it was not attractive to microbiologists, he
did not pursue it. Instead however, he attempted to formulate ‘ casual’ principles
to explain how biological forms arise and how they are transmitted from parent
to offspring.  This approach has problems, as Harold appreciated, because
microbial forms are so diverse that there is no obvious unitary principle of
morphogenesis, in the sense that unitary principles do account for heredity,
protein synthesis, or oxidative phosphorylation. On the other hand, it seemed
implausible to him that each organism is altogether unique. Harold therefore
suggested that the greater likelihood is that the multitudinous forms represent
variations on a much smaller number of generative themes, whose discovery is
the proper goal of research in cellular topobiology.

While Harold' s review isrelatively recent — 1990, he harks back to the classic
approach of D’Arcy Thompson, On Growth and form, first published in 1917.
In Bonner’'s Editoria Introduction to the Canto abridged reprint [2], he focuses
on D’Arcy Thompson's “... most conspicuous attitude [was] the anaysis of
biological processes from their mathematical and physical aspects’ (pp. Xiv).
Specifically, his analyses related biological forms, and their changes “ apparent in

. movements and ... growth ...as due to the action of force”, namely “a
diagram of forces’ ([2], pp. 11).

This approach has an enduring appeal, not least in Ball’s rather beautiful The
Self-Made Tapestry [3]. D’Arcy Thompson features throughout ([3] pp. 1 and
pp. 251-253, for example) and Ball concludes that whereas D’ Arcy Thompson
“was unable to persuade most of his peers of the importance of form and
pattern”, now “pattern formation” (at least) isan “identifiable field of study inits
own right.”

For protozoa, the most significant current expression of D’ Arcy Thompson's
‘mathematical aspects’ is that of Goodwin [4]. Applying various forms of
Laplace' s field equation to Tetrahymena (See figure 4) in particular, he was able
to generate convincing mathematical models of the buccal cavity asymmetry and
the ciliature ([4], pp- 338). A brief description of the buccal cavity is given in
section 3.1.

It is worthy to note Thompson's recognition that, “Many a beautiful
protozoan form has lent itself to easy physico-mathematical explanation; others,
no less ssmple and no more beautiful, prove harder to explain.” ([2], pp. 171]).
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1.2 Rationale

Even in the context of a single Tetrahymena, Goodwin noted that the “overall
shape varies greatly, from pear to egg to cucumber” ([4], pp. 381). Figure 1
shows how the shape of protozoa varies from species to species.

@ (b)

(©

Figure 1: Some typical protozoa. (a) Hypotrichida (diagram from P. Eigner).
(b) Type species: Cultellothrix velhoi sp. n. (diagram from Wilhelm
Foissner). (c) Stichotrich. (from GNU Free Documentation
License: http://en.wikipedia.org/wiki/Ciliate).

Bonner points out that D’ Arcy Thompson “was in no way an experimenter,”
([2], pp. xv), and it is very clear that actual experimental data would not be
helpful in testing the approach described briefly before.

Our hypothesis is that ciliate cell surfaces can be described with a few rules
and a few parameters. To test the hypothesis, we are seeking to assemble a
dataset of confocal images of stained single cells, which will then be analysed,
from an engineering and design perspective. In more detail 3-D CAD (Computer
Aided Design) models will be used to describe a surface onto which the
morphology of a ciliate cell can be mapped. If the results of this study are
positive, it will mean that a small set of invariants will suffice to describe the
cells and become an aid to automating the identification of the species
themselves and of quantifying the effects of variation due to environmental
influences.

2 Mathematical modelling
2.1 D’'Arcy Thompson'slegacy

To an intriguing extent, the foundation of D’ Arcy Thompson's explanations is
that of engineering, as so aptly reiterated by Harold [1].

“The objects that surround us in daily life, most of them man-made, were
produced by shaping a natural or artificial material to suit some function or
purpose. They owe their form to the application of physical forces, most
commonly mechanical ones. The idea that biological forms likewise reflect the
action of physical forces on formless protoplasm is a venerable one, athough
somewhat unfashionable today.” ([1], pp. 393).
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The first section of D'Arcy Thompson's Chapter Il ‘The principle of
similitude’ ([2], pp. 15) corresponds to sections relating to convective heat
transfer in a typical UK Undergraduate text on Thermodynamics — ‘The
principles of dynamic similarity and dimensional analysis applied to forced
convection’ ([5], pp. 571), for example.

2.1.1 Cartesian transformations

The above correspondence with engineering goes further. D’Arcy Thompson
described “a net of rectangular equidistant co-ordinates (about the axes of x and
y),” and showed that by altering or deforming the “network in various ways,”
an organism’ s appearance can be modified to resemble different species. Thisis
predicated on the assumption that the organisms display a reasonable number of
homologous (directly equivalent) landmark features and some smooth function
exists to determine their spatial relationship.

Thompson stated “It follows that any figure which we may have inscribed in
the original net, and which we transfer to the new, will thereby be deformed in
strict proportion to the deformation of the entire configuration, being still defined
by corresponding points in the network and being throughout in conformity with
the original figure. For instance, acircle inscribed in the original ‘ Cartesian’ net
will now, after extension of the y-direction, be found elongated into an ellipse.”
([2, pp. 276).

Figure 2 illustrates Thompson's approach.
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Figure 2; (@) Harpinia plumose Kr. a little amphoid of the family
Phoxocephalidae (Harpinia sp.) (b) By deforming the co-ordinates
of Harpinia into the curved orthogonal system, we at once obtain a
very fair representation of the alied genus, belonging to a different
family of amphoids, namely Segocepahalus (c) Greater
deformation of Harpinia or Stegocephalus results in a tolerable
representation of the aberrant genus Hyperia, with its narrow
abdomen, its reduced pleural lappets, its great eyes, and its inflated
head. (From D’ Arcy Thompson, with his explanation, [2], pp. 295).

Now D’Arcy Thompson's ‘similitude’ and ‘method of coordinates may be
regarded as subsumed within the relatively recent engineering developments of
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Computational Fluid Dynamics (CFD) and heat transfer — that is a modelling of
the basic non-linear partial differential equations in preference to the prior
‘dimensional analysis.’

At one stage, the CFD griding techniques involved co-ordinate
transformation, of, if needed, only a part of the field, so in a CFD simulation of
flying or swimming an overall Cartesian grid, could include local co-ordinate
systemsasin Figure 2. For ‘solid’ locomotion, outside CFD, the same principles
could be applied.

What it means is that efficient alternative ‘locomotive’ shapes are possible,
where simple coordinate transformation rules apply.

2.2 Preston’slegacy

In 1953, F. W. Preston [6] undertook studies on the shape of birds' eggs. “This
investigation was not undertaken primarily as a mathematical amusement. It
seems likely that it may throw some light on several biological and ecological
problems, but the present paper concerns itself namely with the broad question of
what is the shape of a hird's egg. The mathematics may conceivably show
something of the physiology and mechanics of egg-laying, since the shape of the
egg is a response to the forces exerted by the oviduct during shell-formation
(Mallock, 1925; D’Arcy Thompson, 1943).” ([7], pp. 160). Figure 3 shows
Preston’s circles of derivation.

Figure3:  (left) Parametric equation of a circlein termsof eccentric angle.
(right) Parametric equation of an elipse. (From Preston with this
explanation [6], pp. 161).

Starting with the parametric equation of a circle, Preston described the
representation of birds' eggs in terms of ‘circles of derivation’, which then
describes the various shapes.

y=aSn0; x=bCosf(1+c,Sind+c,Sin*0+c;Sin?0)
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which, except in the case of the Alcids, reduces to:
y= Sino; x =b Cos0 (1+ ¢, Sin 6 +c, Sin? 0)

where ¢ is a dimensionless parameter that may vary from egg to egg but is
constant for any particular specimen.

forafeweggs. y= Sino; Xx=bCos6 (1+c; Sin0)
and for afew others, whose ends are virtually alike, we may have:
y=Sin®; x=bCos0(1+c,Sin’0).

Preston’s work was supported by Okabe (“On the Form of Hens' eggs’ Reports
of Research Ingtitute for Applied Mechanics, Kyushu University, Vol. 1, 1952).
Okabe expressed the view that Preston’s treatment of the shape of eggs, “as a
problem in the forces that mould that shape,” and then using the shape to
interpret the interacting forces, isin tune with the desires of D’ Arcy Thompson
[6, pp. 161].

However, it should be appreciated that the model is an arbitrary geometric
simulation, so should not be used predictively outside its range.

Very recently, Narushin [7, 8] developed further the following mathematical
equation for bird’s eggs profile.

Y = £ (LD 520Dy jnwhich  n=1.057 (L/B)%%"

where L the length of the egg, B the maximum breadth of the egg, X the
coordinate along the longitudinal axisand y is the traverse distance to the profile.
Naurashin has proposed “Indices of ellipticity and conicity for the calculation of
the deviation of an egg from its theoretical profile, defined by the above
equation...” On the same basis, “...formulae for the calculation of an egg's
volume, surface area, longitudinal circumference length and normal projected
area...” have aso been proposed [8]. However, these derivations have been
omitted here in the interest of space.

2.3 Goodwin’s proposition

Goodwin's approach has already been mentioned. Space does not alow a full
description of this but figure 4 shows the outcome of progressive developments
in the Laplace equation.

Goodwin described the morphological features of Tetrahymena (figure 4(a))
by using the spherical shape of the organism as the basic shape, and using the
basic polar organisation of its cortical field, to determine the global spatial
ordering of the cilia. Figure 4(b) shows the anterior and posterior as north (N)
and south (S) poles respectively. Goodwin further described this polarising field
with the following general equation:

U(0,0) = a In Cot (6/2) +Bp — b Cot (6/2) Cos ¢ @
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in which 6 and ¢ determine the two locations, latitude and longitude
respectively, a a parameter that determines the strength of the field, and U, a
function which defines the poles. It varies from 6 = n (- «) at the posterior pole
to 6 = 0 (+ o) at the anterior pole. B isaparameter which determines the spiral
orientation of the cilia. A negative value of  indicates a clockwise spiral and a
positive value indicates an anticlockwise spiral. = 0 is indicative of the rare
case of anon-spira polarity.

(b) (c)

Figure 4: (a) Tetrahymena pyriformis, showing ciliary meridians and buccal
cavity with its ciliture (See section 3.1 below). (b) ploarised
meridians on the sphere defined by the basic polar field.
(c) Members of the two families of curves on the sphere of
equation (1) and (2). The arrows define the direction of increasing
U (0, ¢) S, which established posterior-anterior polarity saddle
points. (From Goodwin, with his explanation, [4], pp. 381, 383 and
388).

The parameter b takes into account the presence of the bucal cavity, a‘saddle
point’ depicting loss of polarity with respect to a Laplacean field. It is the
measure or strength of asymmetry about the polar axis. For organisms lacking
the asymmetry such as that of the ciliature spiral pattern found in Tetrahymena
pyriformis, for example, b = 0. Further analysis gives rise to the equation:

V(0, p) = +B In Cot (8/2) -ap + b Cot (6/2) Sin ¢ o)

in which V(8, ¢) is a harmonic conjugate function of U(0, ¢) and describes the
longitudinal direction which is orthogonal to the cilia meridians. Figure 4(c)
shows curves corresponding to the kineties (ciliary meridians) in T. pyriformis,
defined by V (0, ¢) = constant. As iterated by Goodwin, each curve corresponds

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



30 Design and Nature 111: Comparing Design in Nature with Science and Engineering

to a different value of the constant. Note that “The field geometry ... implies
that the oral apparatus and the ciliary meridians are spatially organised by the
same global field.” [4]. This is reiterated by Webster and Goodwin in their
writing on Morphometric fields and cortical inheritance [28]. Another narrative
worthy of note, is that of Goodwin’s on A Generative Biology: Morphometric
fields [27].

3 Protists

We now review the evolutionary history of the protists.

Single eukaryotic cells, the Protista, evolved at some distant time in the
evolutionary past, probably more than 2,000 Myr ago. Prokaryotic life almost
certainly evolved very soon after there was liquid water available, more than
4,000 Myr ago. Eukaryotes differ from prokaryotes in many fundamental ways
relating to cell structure and organisation. Probably most importantly, they
posses a cytoskeleton which acts both as a frame against which forces generated
by flagella can act (see section 3.2) and which permits the capture of particulate
food.

By contrast, the earliest evidence for multicellular life does not appear until
around 800 Myr ago, so the mgjor chemical cycles evolved in an unicellular
context. Multicellular organisms evolved in the presence of a fully-functional
ecosystem.

3.1 Ciliated protists

Ciliated protozoa are one of the very few traditional groups of protists which are
believed to be a good group in the context of modern evolutionary
understanding. They are the best-studied of the non-pathogenic protists and have
an established place in the laboratory where they are fairly easily manipulated
[13]. They are large enough to image easily with light microscopy and are
amenable to routine cytological staining [13, 18, 19, 20]. Staining of surface
features for confocal microscopy is a known art, and a functional method was
published by Ann Fleury [14, 15], Fleury and Laurent [6] and Fleury et al. [17].

Ciliates are supported by a microtubular cytoskeleton which runs from
anterior to posterior pole. See figure 4(a). Somatic (body) cilia, responsible for
locomotion, are arranged in rows (meridians) called kineties which also run from
pole to pole [11, 12, 29 pp. 6-7]. The cell's mouth can be at the anterior pole or,
more commonly, on the ventral surface. In transverse section they can be round
or somewhat compressed (oblate). The shapes can be readily approximated by an
asymmetric spheroid. The asymmetry required means that the widest point on
the major axis is not necessarily located in the middle of the cell, for instance a
pear-shape. Such shapes can be easily constructed by empirical equations with
minimal parameterization (for example, see section 2.2 above), but there is no
known theoretical reason yet established to choose one equation form over
another.
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The body characters, such as the kineties, are organised in a variety of ways.
It is not known whether changes to the body shape affect the organisation
beyond certain dramatic changes, such as the increase in the density of kineties
in response to starvation condition to produce swarmer cells, adapted to swim
faster and believed to be a dispersal mechanism.

The organisation of the oral (mouth) cilia is a central feature of ciliate
taxonomy. In general the mouth is located at the bottom of a depression in the
body called a vestibulum or buccal cavity. The oral cilia are organised into arrays
called membranelles, which are designed to funnel water towards the mouth
where particulate food is trapped by the final membranelle. The fluid dynamics
of this process have been briefly studied by Tom Frenchel [9].

3.2 Flagellated protists

Flagellated protists are generally smaller than ciliates and most commonly carry
two flagella (singular, flagellum) of unequal length. Flagella and cilia have an
identical structure, although flagella tend to be longer and cells bear fewer of
them, the different terms are maintained in the community for historical
consistency. Cilia beat with an oar-like stroke [10] while the longer flagella have
asinusoidal stroke and, with a whip-like action ([29], pp. 11-13), normally move
water from tip to base, so pulling the cell through the water. Some flagellates
(the Stramenopiles) possess tripartite hair-like projections called retronemes
along the length of the flagellum. As their name suggests, the effect of the
retronemes is to reverse the flow of water as it travels from base to tip, so
pushing the cell through the water.

Morphologically, flagellates are far more diverse than ciliates and it is
believed that the ancestral eukaryotes carried a flagellum. They can also be
phagotrophic, although osmotrophic and phototrophic lifestyles are also
widespread. There are correspondingly many ways that cells capture particulate
prey, including a gullet, tentacles which may act as a filter and a variety of
adhesive mechanisms.

4 Conclusions

This research has three main themes of interest. It is strongly interdisciplinary,
being a combination of the latest biological research interest alied with an
engineering design approach. Secondly, it has a strong computational science
focus and it is possible that subject to successful demonstration, the methods
could apply more widely in morphogenesis. Finally, in combination with
addressing the fluid dynamics of the nutrient dependent ciliate shape, it is
intended to explore the water cleansing effectiveness of protists, leading to
improved biological treatment of sewage systems. The research programme is
therefore anticipated as contributing to three principle areas.
First, the academic question of evolutionary relationships and the problem of

grouping organisms into informative assemblages. Unicellular eukaryotes are
now understood to be an exceedingly diverse collection of taxa which have
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traditionally, but erroneously, been classified by their morphologica and
functional similarity (e.g. the algae or the amoebae). We now recognise that
these groups are intimately mixed in evolutionary descent based largely on
discoveries made through molecular biology. Unfortunately, few taxa have been
studied with molecular techniques or by detailed electron microscopy. Those
that have are not well distributed amongst the recognized diversity of the group.
Increased knowledge of body-plan and cellular organisation, based on a
functional understanding, will contribute to efforts to integrate the classification
of described taxa, particularly those that might be well described as legacy data.

Second, the organisation of characters on the body is known to change in
response to environmental condition. Current methods can only detect gross
changes in morphology. An improved method of assessing body conformation,
specifically separating size and shape from component organisation, may well
prove to be a powerful tool for monitoring environmental change. Such an
approach is applicable in two domains. first, academically in ecology, to assign
an individual or population to an ecological role. Second, practically, to provide
arapid-response method of assessing water quality.

Third, there is the practical question of how protists manage to remove
bacteria from water so efficiently. The removal of very small particles (of the
order of unit microns) from water is dominated by viscous forces. Such removal
is industrially very important both in public health (the removal of pathogens
from water) and in industry, for clean technologies. A better understanding of
how protists achieve their filtration, which can even be selective, could lead to
novel engineering solutions to this problem.
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The optimized shape of a leaf petiole
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Abstract

A plant leaf is generally composed of a petiole and a leaf blade. The petiole
connects the leaf blade to the plant stem and, from a structural viewpoint, it
resembles a cantilever beam. Petiole design is driven by the minimum use of
material to withstand a combined torsion and bending load. The cross-section
has a transverse size decreasing lengthwise and has a grooved shape. This paper
examines the structural efficiency of the petiole shape. Ten petiole specimens of
dicotyledonous plants have been investigated. Continuum mechanics and
dimensionless factors are used to model the stiffness properties of the petioles.
The results of the characterization are visualized on maps that contrast petiole
efficiency to that of reference cross-sections. Nature shapes the petiole material
to secure the best trade off between torsional compliance and flexural stiffness.
Keywords: leaf petiole, structural efficiency, optimized shape, torsional
compliance, bending stiffness.

1 Introduction

Plants are complex systems that perform several vital functions. Their organs
work in synergy to govern a variety of tasks, such as mineral absorption, water
supply, photosynthesis, food storage, and structural support. During growth, the
plant organs that interface with the environment receive different stimuli from
light, gravity, touch, as well as from change of soil salinity and stress
concentration. As aresponse to these factors, the plant adapts its morphology.

Plants have a large variety of colours, forms and size, which make them
attractive. Appearance, though, is just one among the remarkable features. Plants
are designed to multi-function as well as to support a variety of loading
configurations by using the least amount of bio-material [1].
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This paper focuses on one specific organ of plants, the leaf petiole. From a
vital point of view, the leaf is one of the crucia parts of a plant. Through
photosynthesis, a plant processes the sun’s energy to produce its own sugar [2].
However, from an engineering point of view, the leaf has a noteworthy structure,
in particular its petiole. The shape of this organ is remarkable, for it permits an
efficient support of loading. For example, it allows the leaf to swing freely in the
wind in order to reduce the aerodynamic forces; it supports the weight of the leaf
blade, as well as any moisture, rain, snow, and insects; it also enables the leaf
blade to twist towards the sunlight and catch the sun’s rays. To function with the
least amount of material, the petiole exploits the material anisotropy and tailors
the shape properties of its body [3-7].

This paper examines the structural efficiency of the petiole to bear combined
loading. The aim is to look into the performance of its cross-sectional shape. The
first part of the paper describes organs and functions of plants in order to put the
petiole into the biological context. Then, the factors that stimulate shape changes
are reviewed. In the last sections, the analysis is narrowed to the stalk structural
design. Ten petiole specimens of dicotyledonous plants have been examined, and
their efficiency compared to that of reference shapes. The analysis hinges on
dimensionless parameters that are used for modeling and developing
performance charts. The maps help to gain insight into the biological design of
the leaf petiole.

2 Plant body and organs

Angiosperms are flowering plants where reproductive organs are within flowers,
and seeds are in the fruits. The number of seeds, or cotyledons, is used to sort
angiosperms into two classes: the monocots, which have a single cotyledon, and
the dicots with two seeds. Despite the differentiation, three elements are common
to all angiosperms: roots, stems, and leaves. These are grouped into two systems:
the root and the shoot, which consists of stem and leaves (Fig. 1).

Root System. The main vital functions of roots are the absorption of water
and minerals, their conduction from the roots to the stem and vice versa, and
lastly, the storage of food. The structural function of the roots is to provide
anchor in the soil (Fig.1). An analogy in engineering is bolts that hook a column
firmly in a foundation. Whereas monocots develop a fibrous roots system, in
dicots a major root grows verticaly and it is caled taproot. This structural
diversity is reported in Table 1 together with other differences between the
classes.

Shoot System. The stem supporting the leaves is the shoot system. Attached
at nodes through petioles, leaves form an angle with the stem (Fig.1). Here, there
are also axillary buds that can develop, although most of them are dormant. At
the terminal top, an apical bud is partly responsible for inhibiting the growth of
axillary buds. The phenomenon, called apical dominance, occurs because the
plant has to increase exposure to light, especially in a location with dense
vegetation [2]. The other constituents of the shoot are the photosynthetic organs.
Although their form, size, and even colour, can vary, a leave is generaly
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structured as a flatten blade, connected to the stem by a petiole, or stalk. Some
monocots, however, lack petioles, such asin grasses.

spical bud
(terminal bud}

[ Shoot
system

Internode
Node

| Roat
system
Primary root

Figure1l:  The structure of an angiosperm (right) and a zoom of its leaf

(Ieft) [2].
Table1: A comparison of monocots and dicots [2].
Monocots Dicots
Embryos One cotyledon Two cotyledons
. Veinsusualy parallel Veinsusualy netlike
Leaf Venation (eg. pams) (e.g. maples)
Roots Fibrous root system Taproot system
Vascular bundles usually Vascular bundles usualy
Stems X .
complexly arranged arranged in aring
Floral partsusually in Floral partsusually in
Flowers : . )
multiples of three multiples of four or five
No secondary growth / annua | Secondary growth / annual
Growth . : : :
ring formation ring formation

3 Plant tissue systems

The tissue is a cluster of similar cells into units. Three tissue systems grow
continuously throughout a plant: dermal, vascular, and ground tissue. New
tissues are formed at the meristems, the growing points on a plant.

Dermal System. The dermal tissue system is the epidermis. Analogous to our
skin, the dermal tissue is a layer of tightly packed cells that protect plant organs.
It is covered by awaxy coating, called cuticle, which reduces water |oss through
evaporation. This protection is imperative during dry summers. The pores, called
stomata, control the exchange of gases between plant and surroundings. If a plant
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undergoes secondary growth, the epidermis is replaced by dead waterproofed
cells, the peridermis.

Vascular System. Xylem and phloem are two vascular systems. The former
conveys water and minerals from roots into the shoots. The latter provides
structural support and isin charge of transporting food from mature leaves to the
roots, aswell asto parts of the shoot system, e.g. developing leaves and fruits.

Ground System. Beyond photosynthesis, storage, and support, the ground
tissue governs the metabolic processes. It is mainly made up of thin walled cells
forming the parenchyma. This tissue fills the space between the derma and
vascular ones and makes up the plant bulk.

4 Plant movements

Plant movements change the body shape of an organ. Two types are the tropisms
and the turgor. The former is a response of the plant curvature to stimuli. If
toward the stimuli, the tropism is positive, whereas it is negative when the move
is away from it. On the other hand, the turgor movements are rapid and
reversible, often triggered by pressure changes in the state of the cells subject to
stimuli.

4.1 Tropisms

Phototropism is the bending of a plant either towards or away from a light
source. It ensures that photosynthesis will take place.

Gravitropism is the response of a plant to gravity. When it is positive, the
roots grow deep into the soil to secure water and other nutrients. If negative, the
shoots develop upwards to the sunlight for the photosynthesis.

Thigmotropism is a directional growth in reaction to touch. Unlike stems
that grow straight, vines, for example, have tendrils that coil at touch with an
object.

4.2 Turgor movements

Rapid leaf movements. Under strong winds, the leaves of the mimosa and other
plants collapse and fold one upon another. It is speculated the rapid move helps
plants retain water by reducing the surface area of the leaf.

Sleep movements are responses to changes of light during the course of the
day. Legumes and bean plants, for example, raise their leaves horizontally in the
morning, and then lower them vertically at the sunset.

5 Plant responses to environmental stresses

Besides morphological adaptation, plants modify their shape aso in response to
environment changes. For example, a water deficit stimulates the synthesis of a
hormone, i.e. abscisic acid, which induces the pore closure and reduces
evaporation. As a result, cells loose turgor and expose less surface to sun.
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Oxygen deprivation is another cause that accelerates the growth of air tube cells
in certain roots to ease oxygen supply.

Other triggers for shape changes are cold, heat, salt, and compressive stresses.
Cold temperature makes the plant to increase its proportion of unsaturated fatty
acids. Heat stress, above a certain temperature, stimulates the production of
specia proteins, called heat-shock proteins. Excess of sodium, aso, threatens
plant grow. Salt can cause root to |oose water even though the soil is submerged
in water. This occurs when the osmotic pressure of the surrounding water is
more negative than that of the root tissue.

Lastly, the other important shape-adaptation is triggered by compressive
stresses. In response to these, a plant modifies its size and shape. Cells grow in
regions exposed to compressive stresses that make the thin-walls of the material
micro-structure unstable. This sensitivity of shape to buckling stressis the reason
why, for aplant, strength in compression is lower than strength in tension.

6 The leaf petiole

Previous sections have examined the vital functions of a plant, its organs and the
triggers for morphological changes. This section zooms into one of its organ, the
leaf petiole, and it examines its shape efficiency. This is not intended to suggest
that only shape efficiency matters; al the other vital functions are essential, but
they are not the focus here. The analysis is based on classic mechanics, although
its limits when applied to the biological world. Before efficiency modelling,
functions, morphology and bio-material of the petiole are described.

Loadings. The structural functions of a leaf resemble those of a cantilever
beam. The petiole provides appropriate bending stiffness to support surface
loads, such as the blade weight, as well as any other, whether it be rain, snow,
moisture, or even the weight of an insect. But bending is not the only loading.
The aerodynamic force of the wind causes the petiole to twist. In addition, the
petiole coils to reach and to respond to sunlight. Hence, a combination of
bending and torsion can be assumed as the overall loading.

Structural morphology. Fig. 1 illustrates the petiole connecting the leaf
blade to the stem. In response to compressive stresses induced by the coupled
load, the petiole results in being flexible, as opposed to conventional engineering
cantilevers, which are designed to be stiff. The petiole is tapered lengthwise and
it has often an asymmetric cross-section, grooved at its top. Such a shape lowers
torsional stiffness without compromising the deflection resistance to gravity
loading. The benefit of the groove is twofold. First, an increase of twist
flexibility allows the leaves to bunch and reduce wind drag. Second, the leaf can
orient itself towards downwind and even reduce the requirement for flexural
gtiffness.

Bio-material. Increasing torsion compliance without compromising
resistance in bending is achieved by exploiting not only shape properties, but
also material. Unlike most of engineering materials, petiole microstructure is
inhomogeneous and anisotropic. It is made up of thick liquid cells supporting
compression at the petiole bottom, and it has thin elongated cells at its top to
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bear tension. Current biological models, however, find difficult to explain how
anisotropy lowers torsion stiffness relative to bending stiffness [1].

The next section aims at obtaining insight into the macro-shape of the petiole.
We areinterested in how shape and size are tailored to better the petiole response
to the combined load.

7 Case study: structural performance of dicotyledonous petioles

The petiole cantilever undergoes mainly the coupling of torsion and bending. Its
structural response exploits flexibility, rather than stiffness. This section
examines the cross-section efficiency at the stem node, where max load occurs.
As performance index, we consider the ratio flexural to torsional stiffness.

10 specimens of dicots petioles (Table 2) have been analysed, and their shape
performance has been examined. To compare their efficiency with those of
eliptica and semi-élliptical cross-sections, we resort on dimensionless
measures, called Shape Transformers [8]. A shape transformer, g, is defined
for a geometric quantity, gc, of a cross-section. It is obtained by normalizing gc
to gcp, which is the quantity of the rectangular Envelope described by the cross-
section size. Shape transformers can govern the geometry metrics of a shape
regardless of its size. For example, shape transformers for the area and second
moment of area are yy=A/Ap and yi=//Ip. The normalization of the geometry
enables to decoupl e the contribution of the shape to that of the Envelope.

The following examines the structural performance that the petiole cross-
section exhibits to improve torsion flexibility without loosing bending resistance.
A way to describe this criterion of excellence is to consider the flexura to
torsion stiffness ratio, such that efficiency is optimised by maximising the index:

B _Hoy )
Gl Glpy,

where E and G are Young's and shear Modula, y; and y; are the transformers of
second moment of area and the polar moment, and I and Jp are the quantities of
the envelope. Table 2 reports w and w; for the petiole specimen, and Table 3
lists those for solid and hollow ellipses and semi-ellipses.

Three design scenarios are now examined. First, we characterize the flexural
stiffness of the cantilever; second, its torsiona rigidity; and lastly, its efficiency
described by the index (1). The results are displayed on efficiency maps that help
gain insight into the biological design of the petiole.

7.1 Flexural stiffness

To characterize the flexural stiffness, y; expressions from Table 3 have been
plotted against y, in Fig. 2. The coordinates of a point represent the bending
stiffness of a cross-section shape for a given volume and regardless of material.
Shapes that are stiff lie on the top left as opposed to those that have low i/ wa
and lie on the bottom right. The chart illustrates two distinct domains of
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properties. One encloses the ellipses classes and it is bordered by curves 1e and
2e. The other is for semi-ellipses and is bounded by curves 1s and 2s. Regardless
of the envelope, each curve describes the flexural stiffness with respect to
fraction and location of material within the envelope. For a given w,, the
ellipses’ classes are not as stiff as the semi-ellipses, for the asymmetry permits
the material to be placed far from the neutral axis. Specimen shape transformers
from Table 3 have been plotted in Fig.2. The plot shows that petioles’ shapes are
quite efficient in providing flexural stiffness, considering their solid shape.
Petioles n. 3,7,10 exhibit the highest resistance to bending deflection.

Table 2: Geometry of dicots petiole specimen.
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Table 3: Shape transformers and efficiency parameters.
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Figure 2: Flexural stiffness for specimen, ellipses and semi-ellipses classes.
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7.2 Torsional stiffness

Unlike flexura shape transformers, w; for asymmetric shapes depends on the
ratio of the envelope size. Table 3 shows that for envelope stretched width-wise
with a—0, the semi-ellipses class is as stiff as that of the ellipses one. This is
asoillustrated in Fig. 3, where y; is plotted versus yu. The properties domain of
the ellipses class is described by the same curves of the semi-ellipses class,, i.e.
curve le=curve 1s (a—0) and curve 2e=curve 2s (a—0). However, for >0,
there is a shift of the semi-ellipses domain upwards to the limit &—90. This
means that the ellipses classes shown in Figure 3 are easier to twist. On the
other hand, the semi-ellipses are stiffer for increasingly deeper envelopes.

We now contrast the domain properties with the Shape Transformers of the
specimens. The petioles show low torsional stiffness although their shapes are
asymmetric. Petioles n. 2,6,10 are even more compliant than the ellipses and
semi-ellipses of the lower bound. As expected, petiole design is flexible; the
leave can sway back and forth in order to reduce drag force and to reach sunlight.

7.3 Petiole scenario: torsion and bending coupling
Figure 4 illustrates the relation of y; to y; (Tables 2 and 3). The index 1, used for

efficiency comparison, is the slope of the line a point forms with the origin. For a
given flexura stiffness, the higher the slope, the easier it is to twist the shape.
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Figure 3: Torsional stiffness for specimen, ellipses and semi-ellipses classes.
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Figure 4: Flexural vs. Torsiona stiffness for specimen, ellipses and semi-
ellipses classes.

The map bisector describes shapes with same torsional and bending stiffness.
These concepts are hollow ellipses as well as very deep semi-élipses (a—90).
They are the best trade-off for both bending and torsion stiffness. However,
stretching the semi-ellipse widthwise lowers the torsional stiffness. The curve 1s
(a—90) shiftsleft to curve 1s (a—0) for proportionally scaled layers, whereas it
moves further up to the curve 1sa (a—0) for the other class of the semi-ellipses.
Envelope changes, on the contrary, do not improve efficiency for symmetric
shapes. The map highlights that lowering torsion stiffness by widening the
envelope width has the impact of reducing the requirement for flexural stiffness.

The plot of specimens properties in Figure 4 illustrates petioles n. 2, 3, 6, 10
lie between curve 1s (¢—0) and curve 1sa (a—0). Though solid, the shapes are
better than the proportionally scaled semi-ellipses. They are stretched widthwise,
and their shapes best resemble the semi-ellipses class shown at base of table 3.

Petiole design is optimized at different length scales. The maps presented in
this section aim at gaining insight into the biological design of macro-shapes.
However, the impact that material anisotropy has on petiole performance cannot
be undervalued, even though current biological models strive to explain how
Naturetailors G and E at the micro-scale.
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8 Conclusions

The leaf petiole has alarge number of functions. Its structure is optimized to bear
mainly a combination of bending, due to gravity load, and torsion, induced by
wind drag. This paper has examined the structural efficiency of petiole shapes. A
case study of 10 dicotyledonous petioles has been carried out to gain insight into
shape performance. Efficiency maps have been developed to contrast biological
design to conventional engineering cross-sections. The charts show that size and
shape of the petiole are exploited to ease the twist as well as to lower the
requirement of flexural stiffness.

Acknowledgement

The authors thank Mrs. Stephanie Rinaldi, undergraduate of McGill University,
for the collection of specimen data.

References

[1] Vogel, Steven. Comparative Biomechanics: Life's Physical World.
Princeton University Press, 2003.

[2] Campbell, Neil A., Jane B. Reece, and Lawrence G. Mitchell. Biology. Fifth
Edition. Don Mills: Benjamin Cummings, 1999.

[3] Ennos, A.R., The mechanics of the flower stem of the sedge carex
acutiformis. Annals of Botany, 72(2), pp. 123-127, 1993.

[4] Etnier, S. A. and Voge, S, Reorientation of daffodil (Narcissus:
Amaryllidaceae) followers in wind: drag reduction and torsional flexibility.
American Journal of Botany, 87, pp. 29-32, 2000.

[5] Ennos, A.R., Spatz, H.C. and Speck, T., The functional morphology of the
petioles of the banana, Musa textilis. J. of Experimental Botany, 51,
pp. 2085-93, 2000.

[6] Etnier, S. A., Flexura and torsional stiffness in multi-jointed biological
beams. Biological Bulletin, 200, pp. 1-8, 2001.

[7] Vogd, S., Twist-to-bend ratios of woody structures. J. of Experimental
Botany, 46, 1995.

[8] Pasini, D., Shape Transformers for Material and Shape Selection, ASME
DETC-84894, 2005.

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



This page intentionally left blank



Section 2
Nature and ar chitectural
design



This page intentionally left blank



Design and Nature 111: Comparing Design in Nature with Science and Engineering 49

Sculpture housein Belgium by Jacques Gillet

S. Van de Voorde, R. De Meyer, E. De Kooning, L. Taerwe
& R.VanDeWalle
Ghent University, Belgium

Abstract

The Belgian architect Jacques Gillet designed the sculpture house in Liége
(1967-1968) as a synthesis of structure and form, collaborating on this project
with the sculptor Félix Roulin and the engineer René Greisch. This ‘living-
sculpture’ was undertaken by the team as a reaction against the general pressure
of that time towards standardisation of forms in architecture, in which an artistic
poverty and deficiency needed to be counterbalanced through collaboration with
sculptors and painters. The merit of the artistic collaboration is evident when
looking at the scheme of the building yard. The materials and techniques used
gave the team a creative liberty: steel bars were folded, and placed one by one, to
enhance the contingency between nature, space, material and poetry. A metal
mesh was affixed to the steel bars and the ultimate form was then secured by
projecting a fast setting concrete onto it: direct, immediate and efficient. The
exterior is just the mere envelope of the interior; no additional structure
whatsoever was necessary. The structure was |eft bare on the outside, postulating
atrue unity between form and material.

Keywords: architecture, gun concrete, sculpture house, organic, Belgium,
Jacques Gillet, Félix Roulin, René Greisch.

1 Introduction

Since the end of the Second World War, organic architecture has appeared as a
search for beauty that concurs with the notion of ideal construction, as a
synthesis of art and sciences. Protagonists of this tendency were, among others,
Frederick Kieder, Mathias Goeritz, Jacques Couélle, André Bloc and Paul
Virilio. Likely the best known example of this architecture, based on organic or
sculptural forms is Le Corbusier’s Chapel at Ronchamps. The term *‘sculptural
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architecture’ or ‘architectural sculpture’ was used for the first time in 1963 by
Michel Ragon, in his book ‘Ou vivrons-nous demain? [1].

The origins of this movement go back as far as the end of the 19" century,
with the work of Louis Sullivan and Frank Lloyd Wright in the USA, and Victor
Horta and Antonio Gaudi in Europe. Gaudi achieved a synthesis of shape,
structure and form, comparing wire skeletons and plaster models with the laws of
nature. The sculpture house in Liége (1967-1968) was designed in a similar,
experimental way by the Belgian architect Jacques Gillet, in collaboration with
the sculptor Félix Roulin and the engineer René Greisch. However, in the
scenery of 20" century Belgian architecture, it stands alone as an exception.

2 Insearch for anew architecture

2.1 Kindred spirits

Born in Liege in 1931, Jacques Gillet graduated from the Department of
Architecture of the ‘ Académie des Beaux Arts' in Liége in 1956 [2]. One of his
teachers was the Belgian architect Georges Dedoyard, an important exponent of
the modern movement in Liége [3]. Gillet returned to the Académie as professor
in 1964, which was later on renamed ‘ Institut Supérieur d’ Architecture Lambert
Lombard’. He conducted research on spontaneous architecture and the
integration with nature [4]. He was also very interested in new building
techniques and construction methods, which gave a certain creative liberty to the
design process. Always being very eager to collaborate with artists and
engineers, he looked upon architecture as a synthesis of art and science, a true
unity between form and material.

In 1962, the Belgian engineer Jean-Mary Huberty (1932) asked Gillet to act
as aesthetic advisor on the facades of his private house in La Hulpe, near
Brussels. As a result, Gillet came in contact with two experts on concrete
technology and was introduced to the possibilities of concrete [5]. The house was
designed by Huberty himself in collaboration with André Paduart (1914-1985),
both civil engineers, the former conducting research on concrete technology for
the Belgian Federation of the Cement Industry, the latter being particularly
speciaised in the technology of thin concrete shells. The house stands out as a
revolutionary and intellectual tour de force, in which these two young mastersin
concrete technology exploited the characteristics of the material to the utmost
limit. Two parabolic hyperboloids, or hypars, were combined, thus defining the
overall layout of the plan. The hypars were constructed as a concrete shell on a
framework of wooden boards and thermal insulation. The shell of the concrete
vault isonly 5 centimeters thick. The collaboration led to a design in which both
architectural and technological qualities stand out, but also demonstrates that it
was not simple to go off the beaten track [5].

During the early sixties, Gillet came into contact with kindred spirits. In 1962
he became acquainted with the sculptor Félix Roulin (°1931) and the painter
Gabriél Belgeonne (°1935), when their project for an auditorium for chamber
music was granted the first prize in a competition on ‘The synthesis of plastic
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arts', organized by the Belgian Ministry of Cultural Affairs in 1961 [6, 7].
During the same year, Gillet met the Liege engineer René Greisch (1929-2000).
Greisch was notable for his spirit of research and innovation. Greisch always
tried to improve available techniques or simplify their implementation, qualities
that were highly valued and shared by Gillet [8]. Gillet and Greisch were soon
commissioned by the Liege University to design the Laboratory of
Radiobiological Research. The building was completed in 1964 [9]. Later the
same year, together with Félix Roulin, they were commissioned with the design
of an observatory station for the Astrophysical Department of the Liege
University [4,10]. The design was undertaken in the same architectural
language, which was later applied in the sculpture house in Liége. Although the
observatory station was never realized, its design marks afirst important phase in
the collaboration of these three artists towards a synthesis of arts; a congenial
group was formed.

In 1966, Gillet and Roulin collaborated with Belgeonne in the design of his
private house and studio. The design, based on the same organic, architectural
language, was constructed in wood and metal, as opposed to the auditorium for
chamber music and the observatory station, which were designed to be
constructed in concrete [10]. Around that time, several projects were undertaken,
mostly by the twosome Gillet/Roulin, such as the private house and studio for a
painter and a private house for a doctor [4]. Eventually, in 1967, Gillet’s brother
was willing to participate fully in the redlization of the architect’s dream and
asked the team to design a private house for his family of six in the surroundings
of Liege.

2.2 ‘Living-sculptur€

The experimental attitude of the physical-chemistry research scientist owner
served as the basis for the entire approach to the project: “What is a house, for us
asindividuals, for our family, for this very place and this point in time?” was the
first question [11]. After expressing his deepest concerns, the owner gave the
team the chance to not only put their ideas into effect, but to do this at their own
pace. For amost three years, Gillet, Greisch and Roulin sought, studied, tested,
discussed and eventually built this ‘living-sculpture’, made to measure [4, 9].
Inspired by nature and organic forms, the design was undertaken as a
synthesis of arts. According to their own words, they didn’t want to start a
revolution, but simply wanted to create something new, opposed to the
standardisation of forms in architecture and the conditions of mankind’s
accommodation of those times, out of touch with nature [9]. It is not coincidental
that all the comparisons the redlization of this sculpture house have brought
about, call forth associations with nature: a cave dwelling, a big mushroom in the
middle of a forest or even a tortoise protected by his carapace [12]. The
architectural language can best be described using the architect’s own words:
“We constantly tried to render these curves responsive and firm, which otherwise
would flag and sag, becoming flabby and without vigour. But we did not want to
geometrize these lines or standardize them. Spontaneity, tightness inspired by
nature: purity, true simplicity—which is not of form but of soul—freshness that
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so many are longing for and that cannot be commercialized without dying
forthwith. To let others taste and share the plenitude of a curve, the boldness of a
shape, the élan, the right place of a stroke or a volume, the play of light, is the
most important role of this ‘thing’, ‘open to friends, ideas, emotion’ according to
the inhabitants’ saying.” [11].

Figure 1: Sculpture house after completion in 1968 [13].

Describing the project outlines is far from simple. The ground plan is
composed of four discrete wings. the living room facing south; the study,
cloakroom, master bedroom and bathroom facing east; the dining room and
kitchen facing west; and finally the children’s bedrooms and bathroom towards
the north, sunlit by windows facing both east and west. A distinction is also
made in elevation: the garage is located at the lowest level of the site; the floor
level of the common rooms is situated half a floor level higher, thereby fully
exploiting the natural differences in the height of the terrain. The floor level of
the parents private wing is situated between the floor levels of the common
rooms and the children’s private wing; the latter being raised again half a floor
level according to the common rooms. The children’s bedrooms are
superimposed on the garage. By creating a split-level, the architect obtained the
two meters of height necessary for the garage without elevating the whole
building.

These outlines are to be seen as a blueprint or diagram, put on paper so the
team did not set to work without a set plan. The architect made a schematic
drawing of his intentions, passed it on to the sculptor, who placed his own
interpretation upon it, and the whole process started all over again. The facts and
figures of the plan were touched upon, but not at all fixed. The design process
was far from analytical or rational and the house was certainly not intended to be
described that way. To understand the true meaning of the sculpture house, one
has to visit the house and investigate the intentions of the designers. “Why this
sculpture house? Explaining it would appear to be justifying it or making the
design become ‘logical’. Explaining it means that one has to assume the
‘rational’ to understand. Here, there is nothing to understand. Here, you can feel
everything, subjectively.” [4].

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



Design and Nature 111: Comparing Design in Nature with Science and Engineering 53

The inhabitants, answering many questions about how they could possibly
live within those forms, simply replied with “And you, in yours?’ [14]. Although
many people had to be persuaded or convinced of the qualities of this new
architecture, there were no great difficulties in obtaining the necessary permits.
The local Department of Urban Planning and the municipal authorities truly
believed in the possibilities of this project and displayed a certain audacity in
authorizing this experiment [9, 15].

When construction was finished, the project began to lead a life on its own.
Acquiring autonomy and independency towards the designers, the house
immediately took on a dialogue not only with the visitors but especialy the
inhabitants. The moment they entered their new house, they really felt at home
and became one with the project [12].

Creating such harmony and intimate peace was most important to the scul ptor
Roulin: he saw the sculpture house as a sculpture where the ‘inner void’, in
contrast to the mass, was to be inhabited. He describes his own metier as
manipulating and handling the forms and sensibility of raw materials, while
architecture deals with the material of space, which is not at all less expressive
but different, dealing with the area which has to be inhabited. Crossing the
threshold between these two professions, led to a sculpture in which one
penetrates, constantly revealing an entity of volumes and forms in perpetua
movement to the inhabitant [14].

3 Work in progress

The project is not to be seen as a reaction against the building industry in
general, since the team explored and experimented with new building techniques
and materials throughout the entire design. It is a reply to the development of
standardized forms and products, and a the same time a passionate plea in
favour of an industrial policy which gets to the core of the matter: the molecule,
the atom, the electron. “I believe in the miraculous industry of the tool made to
measure the hand, material made to measure the human body, space made to
measure the heart, Architecture made to measure the Inhabitant. | believe in the
possibilities of this industry to provide for close contacts and let us delight in
something: the delight in taking a venture, the pleasure of participating and the
joy of constructing together. Never again the industry of the imposed or ready-
made.” [4]. Partaking in this process was at least as important to the team as the
achieved results. The mode of operation, the way in which the design was
attended to, became a purpose on its own. Refusing to be driven back on
traditional means, the team resorted to an uncommon construction method of
projecting concrete onto a metal grid, which served as a projecting form itself.

3.1 Marking the outlines
During the design process, very few detail drawings were made. The scale

models, first in modelling clay and later in an aluminium wire mesh, were the
most important instruments by which to translate ideas [10]. When construction
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started in April 1967, the overall structure was outlined, based on the aluminium
wire mesh scale model, in reference to a few fixed elements. As these fixed
elements, namely the concrete floor levels and chimney, are best served by
horizontal and vertical planes, it was unnecessary to construct them in a non-
traditional, sculptural way [16]. Crenellated steel bars, extending the floor levels
and chimney, served as reinforcements. Measuring 8 millimeters in diameter,
these bars were interspaced at 20 centimeters in two directions, thus creating a
two-dimensional grid [2].

Figure 2: Stes! lattice attached to the chimney.

Temporarily supported with thin wooden trunks, the lattice work was given
shape by combining three distinct basic forms: the arch, catenary curve and
parabolic hyperboloid. Given that the course of the lattice was not meticulously
defined in advance, the shape was determined by experiment, by touch. Design
and construction were dealt with together, according to four parameters. the
inner space and the incidence of light, the future down course of the water, the
stability and the sculptural characteristics. Therefore the architect, sculptor,
engineer and client were constantly finalizing the generic form, very accurately,
without there being a strict division of tasks. It appeared that the engineer,
paradoxically, was most concerned with the sought-after sculptural or spatial
effects[17].

Regarding stability, only a small part of the construction was meticulously
calculated by the engineer. Full size rupture tests were conducted by the building
contractor before starting construction, to determine possible difficulties and to
define the most economical shapes and curves. With the result of these tests in
mind, the actual construction was based on experience, intuition and experiments
with life loads. When the ultimate form was outlined, the strength of the
construction was once more tested on the spot by exerting concentrated pressure.
Temporary supports were removed; workman and visitors of the construction
site climbed the roof, moving up and down with a certain cadence. Wherever the
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deformation exceeded 25 centimeters, the engineer reinforced the construction.
This eurhythmics was right up the alley of the numerous students working on
placement at the site, under the expert guidance of the architect [2].

The window frames, U-shaped profiles, were bent and cut at the spot by the
team. Much attention was paid to the rigidity of their form and their exact
verticality, so they would contrast to the sculptural concrete mass. Neither the
steel profiles nor any other part of the structure were preventively treated or
galvanized. The window profiles did however receive a thin coat of a
transparent, dark paint. Economical use was made of the available materials,
which were chosen for their easy implementation, organic qualities or even their
availability and beneficial prices[2].

3.2 Gunniting

Once the construction was sufficiently sturdy and solid, the next step was
undertaken. An expanded iron mesh was fixed onto the stedl bars, serving as
projecting form. The casco was given its mass by the process of gunniting a fast-
setting concrete onto it: direct, immediate and efficient. A very dry and compact
concrete was gunnited on the mesh, setting in less than 15 minutes. This
technique, mainly used for constructing blast-furnaces and grottos, was at this
time very uncommon in Belgium. As it had never before then been used to
construct a private home, a specialised team was asked to implement it.

The Czech-Belgian firm Pasek, established in 1960, was one of the only firms
experimenting with sandblasting and the projecting of dry mortar. They had even
designed their own projecting machine, Refra-Gun [18]. The team working on
the Liége construction site consisted of 4 men, working in pairs. The first team
handled the spraying hose, attached at the rear end to a large barrel, which
contained the dry concrete. The barrel was divided into two compartments, so
that the barrel could be continually refilled by one team, while the other team
was gunniting. Water was not added until the very last moment, at the spray-gun
nozzle, which resulted in a very dry concrete. The fina surface was, when
properly applied, very compact and impermeable to water [2].

As gunniting is not atidy construction technique, precautions had to be taken.
The window profiles were covered and small, temporary strips were placed at the
edges of the shell structure to create a clear boundary between the house and its
surroundings. Almost 15 percent of the concrete is lost during the process, as it
shoots away from the mesh. This did not go to waste, as the architect used thisto
pave the access road to the house [2].

Concrete was sprayed at an angle of 45°. If concrete had been sprayed
perpendicularly to the surface, considerably more than 15 percent of the concrete
would be lost. Another advantage of this ‘inclined technique’, personaly
developed by Stephan Pasek [9], isthat any water trying to penetrate the concrete
shell, is drained immediately due to the inclined layers of concrete. Workmen
were thus also enabled to estimate the thickness of the concrete shell. They had
to carefully notice very small details, such as changes in the consistency of the
concrete, and take immediate action to ensure a consistent product. The
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responsibility shouldered by these workmen while participating in this
experimental and revolutionary project, should not be underestimated [9].

The overal thickness was set at 5 centimeters and was only increased where
implied by the construction. At some places, such as corbellings and clear-cut
edges, supplementary stiffening and strengthening were necessary at a distance
of 50 centimeters paralel to the edge. Girders were formed at the edge by
aligning 4 steel bars, all measuring no more than 8 millimeters in diameter. To
ensure a strong and rigid connection between girder and lattice, additional steel
braces, measuring 5 millimeters in diameter, were folded by students into a
triangular shape, wrapped around the girder and welded to the lattice. The cross
section of the girders measures 7 centimeters, so the entire thickness of the
construction locally amounted to around 12 centimeters [2].

1 Vi

Figure 3: Steel ‘girders’ at the edge.
3.3 Completion of the building process

Thermal insulation was provided by arigid polyurethane foam projected with a
spray-gun from the inside. Over the years, it has matured in the natural light and
acquired a warm and nuanced colour [11]. Since this insulation was not
universally applied, an additional, very thin layer of sprayed concrete was
sometimes necessary to cover the iron mesh on theinterior.

Beside this thermal insulation, no corrective measures or provisions were
taken. The concrete was deemed waterproof and the roof thereby did not receive
an extra coat. Construction was finished in September 1968, atotal building time
of 14 months (construction was interrupted during winter) [2]. When asked to
compare to traditional building methods regarding construction time and
building costs, the architect replied that he did not intend to be competitive. He
was however quite certain that the building costs would not exceed those of a
traditional house for afamily of six [19].
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Despite the fact that the house was in no need of supplementary measures
during the following decades, some renovation became inevitable during the late
eighties. The impermeability to water had been affected and needed to be
repaired. The exterior was restored by impregnating it with a highly fluid, water-
repellent, silicate based resin. Additionally, a special coating of semi-rigid epoxy
resin was applied to those surfaces which had suffered the most from the down
course of thewater [2, 9].

4 Continues

While designing this sculpture house in Liége, the team was granted a second
commission for a similar house to be erected on a hill close to a former World
War | fortification. It was designed by the same team, but as the terrain and the
personality of the clients was different, the ultimate form was aso different. At
the very last moment however, right before going on to the construction phase,
the clients decided that this new architecture was too revolutionary after
al [9, 20].

Figure 4: The sculpture-house, 2006.

It wasn't until the late seventies that another example of scul pture architecture
appeared in Belgium. The architect Philippe Mousset, who had paid numerous
visits to the building yard in Liége, erected a sculpture house in Fleurus [9]. The
same uncommon genesis and architectural language was utilized, the applied
technique was however a bit different: a glass fibre reinforced plaster was
sprayed on an elastic tissue in stead of an iron mesh [21].

During the following years, afew architects followed in Gillet's footsteps, as
he began to hold a course on organic architecture at the Institut Supérieur
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d’ Architecture Lambert Lombard in 1978. Henry Chaumont, Bernard Herbecq,
Eric Furnémont, Yves Delhez and Vitor Forte are, among others, some of
Gillet's former students still engaged on organic architecture [9].

The work of Jacques Gillet, first and foremost the sculpture house in Liége,
still finds itself the subject of great public interest. This active interest is
demonstrated by recent articles on the scul pture house published in international
magazines, such as the German Deutsche Bauzeitung, the Swiss TEC 21 and the
Austrian GAM, and also exhibitions where the sculptor house occupies a
prominent place [22-25].

Recent examples of modern architecture, such as the Educatorium by
Koolhaas (OMA) and the Minnaertbuilding by Neutelings Riedijk Architects,
both in Utrecht, demonstrate that this construction technique of projected
concreteis still topical, bringing forth intellectual and architectural fireworks.
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Analysis of the ‘Cappadocian cave house' in
Turkey asthe historical aspect of the
usage of nature asa basisof design

P. Yildiz
Department of Interior Architecture and Environmental Design,
Hacettepe University, Turkey

Abstract

The Cappadocia region is located in the Anatolian part of Turkey surrounded by
ancient civilisations where nature and history came together in good sequence.
While geographic events had formed ‘Fairy Chimneys (Peribacalar1), during the
historical period, the signs of old civilisations of thousands of years can be seen
with carved houses and churches within these earth pillars. Traditional
Cappadocian houses carved into stone show the uniqueness of the region. These
houses are constructed on the feet of the mountain viarocks or cut stones. Rocks,
which are the only construction materials of the region, asthey are very soft after
guarrying due to the structure of the region can be easily processed but after
contact with air it may harden and turn into avery strong constructional material.
Cappadocia is aso known for its rock hewn churches, monasteries and
underground cities.

The cave houses are old residences carved centuries ago. They overlook a
vast area surrounded by mountains. Restoration sometimes makes it possible to
clean the rock oxidised or blackened by smoke and to clear certain parts, filled
with soil over the centuries. The structure was also consolidated and certain
vaults were rebuilt by origina stones. The restoration continues, attempting to
respect the origina construction. The purpose of this study is to anayse the
historical aspect of design with the basis of nature among cave house formation,
with the usage in today’s conditions. The results of this study show the
advantages and the disadvantages of the architectural space formed by cave
structures while the conclusion is the criteria reached by the character of the
residences based on natural formation.

Keywords: cave house, stone, fairy chimneys, underground cities, architectural
rock construction.

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)
doi:10.2495/DN060061



62 Design and Nature I11: Comparing Design in Nature with Science and Engineering

1 Introduction

The purpose of this study is to understand the interaction of design with the basis
of nature. According to architectura designing principles and relations, the
aesthetical reflection in nature is so dynamic that all parts combining the whole
is the ring to form the whole structure. A structure is sometimes poetic,
sometimes dramatic but one thing is for sure that the most important thing for
living things is the aim to supply the adaptation criteria in al changing and
flexible surroundings, environments. Then the designing with the basis of nature
concerns agreat deal with the term adaptation. From an architectural perspective,
living things from the very beginnings of earthly liveable conditions, always
tried to adapt themselves to nature or adapt the natural meanings to themselves
by a dynamic integration. One of the reflections of this happening is the need of
shelter to prevent themselves from any harm and also from other living things
like animals. In the most ancient times when there was no civilisation human
beings used caves as shelter.

The caves are first sights of accommodation and space of ever in natural
based interiors. The harmony between design and nature could be explained
among these in historical aspect. Here, design indicates to form the internal
living conditions concerning ecological ground. Some of these cave houses
around some places in the world still survive and the usage of interiors are still
going on. In my case study | would like to concentrate on the cave houses
located in Turkey which are till being used today. These houses show the
sustainability of the cave house formation as the long term usage of their spaces
and with different functions.

2 TheAnatolian region of Turkey and the location of
Capadoccia

The city of Capadocciaislocated in the Anatolian region of Turkey. The creation
and formation of the Capadoccian landscapes began when ‘Mount Argaeus
erupted millions of years ago, smoothening the entire surroundings with a torrent
of lavathat covered hundreds of kilometres.

High on the central Anatolian plain, close to the country’s geographic centre,
is a landscape with fairy chimneys capped with basalt to resemble giant
mushroom shaped rocks. Others formations have been carved by wind, sand and
rain into the shape of mythological beasts. Nearby stand cones hundreds of feet
high. Volcanic eruptions 30 m years ago coated the land with ash, which over
millennia compacted into the soft tufa rock. This the Hittites, who occupied the
country in the third millennium BC, found easy to excavate into caves for
storage at a constant cool temperature. As the Anatolian Region was fought over
by successive empires, the inhabitants found it political to disappear, digging out
secret cities in which to survive for months at a time. By the first century AD
early Christians were using them to hide from Roman persecution. Some of the
Capadoccian cave villages remained in occupation until recent times. Fairy
chimneys, strange cone shaped rocks, formed due to centuries of erosion.
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Figurel:  Thegeographical statement of Capadocciain Turkey.

The most commonly held view is that the cities were excavated during
Roman and Byzantine times [6]. Certainly during these years the region was
often beset by interna strife in the form of persecutions of local Christian
communities and external attacks by the Arabs. After the region was
incorporated into the Ottoman Empire, in the 14th Century, the external threat
abated, the Byzantines were forced to leave the area and with the outbreak of
peace, the abandonment of the underground cities began.

2.1 Theecological and geographical statement of Capadoccia

It took millions of years for the ash from these volcanoes to form a layer of tuff,
covered in places by a further layer of basalt lava. The basalt ultimately cracked
and split under attack from the weather and rainwater seeped down through the
cracks and splits to slowly erode the tuff itself.

The natural effects of alternating very hot and very cold weather and the rain

and the wind breaking down the rock’s resistance caused the emergence of the
tall cones of tuff capped by hard basalt, which is called ‘ Fairy Chimneys'.
Where there is no basalt layer to protect the tuff lovely valleys have been formed
connected to the plateau by steep canyons of andesite and basalt. The canyons of
Soganli and Ihlara are particularly stunning examples, Ihlara canyon being 650
feet in depth in some parts.

Geographically located in the centre of the country, Capadoccia is a mountain
area that was created from a series of volcanic eruptions. Capadoccia is famous
for its fairy chimneys, sort of strange shaped rocks (tuff rocks) sculpted by the
erosion work. Thereby this natural property allowed Capadoccia to be a member
of the UNESCO World patrimony.

There are caves, cave houses, churches and also whole underground villages
in this region which till survive and which are being used at present. This
landscape was created many millions of years ago at the time when the two
volcanic mountains covered a vast areawith lava and dust. Capadoccia is known
today for its underground settlements as well as its painted Byzantine cave
churches [1]. Roughly 50 to 150 million years ago, repeated volcanic eruptions
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and subsequent erosion in central Turkey created a series of interconnected
valleys, surrounded by limestone plateaus.

Figure2:  Thesight of cave housesin Capadoccia.

The site recently surveyed under the auspices of the German Archaeological
Institute, preserves the remains of hundreds of small rubble houses and severa
churches. The evidence for rock-cut architecture and fresco painting is more
limited in the early Christian period.

The valleys are sheltered and fertile with an almost temperate climate. The
tuff is easily worked and for millennia has provided dwellings and store rooms,
both above and below ground, for smallholders.

This subterranean way of life resulted from several different factors. The
dramatic landscape of Cappadocia is formed from tufaceous rock which is easy
to work but which dries to a hard surface resistant enough to alow the
excavation of wide rooms with horizontal ceilings. Trees producing wood
suitable for building use are scarce in Capadoccia so even the surface dwellings
are barrel vaulted using squared tufaceous stone.

Because of the nature of the land, many churches, monasteries and dwellings
were cut from the rock rather than built. Typically aliving unit was cut into the
slope of ahill with carved chambers organized around three sides of a courtyard.
The Capadoccian carvers began by burrowing out the centre of a space, perhaps
following a natural fissure, next they roughed out the whole and carved the
details.

This building culture, making use of existing formations rather than creating
speciaist building materials, can be found throughout the world but is
particularly strong in the Mediterranean region. Capadoccia s underground cities
are, however, unique in their range, their complexity, their variety and possibly
in the time periods in which they were developed. Subsequently the dried lava
were sawed away through generations of rain, wind and floods, thereby creating
deep valleys, while the slopes were carved into the astonishing cones and
columns we see today. Generations of local people have carved innumerable
doorways and rooms in the rocks over an area of several hundred sgquare
kilometres. Some were homes for farmers, others were stables and chapels. Quite
early on the inhabitants of this area discovered that the dust was very fertile and
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also that it was possible to carve this stone material. They, therefore, over
generations, made carves and store rooms in these rock formations.

2.2 Thematerial analysis

The terrain consists amost exclusively of a fine-grained, compressed ash,
creating Capadoccid s characteristic cone formations. In some instances, a layer
of nonvolcanic rock remains balanced picturesquely on an eroded cone,
producing fairy chimneys. In some areas the rock has a pinkish hue from the
underlying sand bed. In the less-explored area of western Capadoccia, the
volcanic landscape offers equally intriguing formations [7].

3 Thesustainable meaning of cave house for mation

In the region the aspect of functionality is a sustainable matter of fact. The
interiors and environments of cave houses that have been used for hundreds of
years are still being used in today and they also serve the functions and needs of
present life. The energy conservative property of the interiors and functions
suitable to climate factor are the reasons of sustainability. Also the functions that
let these hoses survive are another factor to be recognized.

There are till some semi-subterranean rooms in use. The underground
storage of produce is common practice particularly around Ortahisar, where large
guantities of locally grown potatoes and citrus fruits brought from the South
coast are stored. The climate of Capadoccia is continental. Summers are hot and
sunny but the altitude provides cool nights. At winter time, the climate is cold
and the fairy chimneys are totally metamorphosed when covered with snow [10].

The underground sites are particularly useful for storage as the outdoor
temperature can vary from minus 20°C to nearly 40°C. The internal temperature
of the sites remains constant throughout the year at 7°C to 15 °C depending on
the proximity of the air shafts.

4 Theunderground citiesfound in Capadoccia region

The underground cities were long stay settlements and they were built to
withstand attack and to support long numbers of people and their domestic
animals for long periods of time. More than 40 multi-storeyed underground
settlements have been identified. In times of peace the people of this area could
live and farm above; however, when they were being invaded by enemies they
would retreat into these underground safe places where they could survive for up
to 6 months. Some of these underground cities are still used today [10].

The urban organization was very complex and extensive networks of
passages, tunnels, stepped pits and inclined corridors link family rooms and
communal spaces where people would meet work and worship. The cities were
complete with wells, chimneys for air circulation, niches for oil lamps, stores,
water tanks, stables and areas where the dead could be placed until such time as
conditions on the surface would allow their proper disposal. Most importantly,

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



66 Design and Nature I11: Comparing Design in Nature with Science and Engineering

carefully balanced moving stone doors, resembling mill stones, were devised to
quickly block corridorsin the event of an attack [7].

One of these cities is called ‘Derinkuyu’ . which is a huge complex having 8
underground floors and reaching a depth of 55 meters (180 ft.). This
underground city was built in 1300 BC. The city had excellent ventilation made
possible by ventilation shafts, the deepest reaching depths of 85 metres. There
could be as much as 20 levels underground.

Figure 3: The underground cities in Capadoccia.

5 Thearchitectural formation and space planning in
Capadoccia houses

The architectural elements of the rock-cut buildings were carved in imitation of
Byzantine architecture. But there is an important difference. Most architectural
features in rock-cut buildings are mere adornments with no structural purpose.
Interior columns, for example, do not support roofs, they exist simply as
decoration [5].

With the malleable volcanic rock, work would have proceeded quickly. A
room 25 feet long, 14 feet wide and 10 feet high probably took a single man
about a month to complete. Theirs is primarily architecture of interiors, though
the Capadoccians sometimes gave their rock-cut buildings detailed facades, with
gables and horseshoe-shaped arches.

The cave room has a smallish window; it is cooler than outside. The people
who used to stay in this valley lived in such caves because they kept them cool in
summers and provided warm waters in winters even though temperatures would
take a dive after the sun set.

In figures 4 and 5 we can see houses of stone around the Capadoccia region
[2]. All these houses have similar characteristics. These characteristics are:

-Approximately all houses are formed by the basis of nature and ecological

statement.

-The usage of interiors is sustainable as the air quality of the interior is

suitable to the climate and the long term usage between cultures and societies

is recognized.
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-The functions of the structures are residences, houses, churches and
storerooms.

-The most common material is stone added with wood so as to be suitable to
climate and geography.

-The practical usage and interaction with environment are also characteristics
in common.

-Theinterior organization of spacesis non-flexible and stable.

Figure 4: A house in Capadoccia Uchisar.

Figure5: A house in CapadocciaAvcilar.

In figures 6 to 8 we can see the naturally based stone houses in harmony with
Capadoccian ecological formation. These are not cave houses but built by
sequence with the cave formation and paralel with the architectura symbol of
cave.
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Figure 6: Thetypical view of ahouse in Glizelyurt.

Figure 7: The plan view.

Figure 8: The side view.

5.1 Theanalysisof atypical cave house in Capadoccia

The cave houses that are still being used in today’ s conditions have functions as
residences [11]. The cave house complex is the restored stone village houses,
each different in architecture and character. These houses are a combination of
six cave houses with a total of 17 private cave rooms dating back to 5" and 6"
centuries and crowned with a 19™ century Greek Mansion. But severa are fifth,
seventh century cave houses burrowed deep into the cliff that embraces the small
market town. The experience of inhabiting one is surprisingly serene and dry
although erosion and reconstruction have supplied windows and doors where
originally there was a blank rock face with a concealed underground entrance.
Now there are bathrooms with modern plumbing and sanitation. This is because
enough of the surrounding Cliffside has eroded to reveal the pattern of troglodyte
house, from stables at the lowest level to living rooms above and at the highest
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level kitchens, from which smoke filtered up through the porous rock to escape
invisibly from the hilltop. These exceptional cave houses are renovated and
decorated with care and in their own distinct style while strictly respecting the
local character. The décor is elegant and personalized with hand-crafted
furnishings and antiques. There are 17 rooms in this cave. These are the balance
between modern comfort and tradition [11].

Figure 9: The Cave house (Y unak House) in Capadoccia.

6 Reaults

6.1 Theadvantages of cave house formation

The main advantages of interior space planning in cave houses that this study
reveadsare:
-The virtual and mystic atmosphere of the cave interior,
-Theair quality of houses regarding the climate,
-The sustainability factor of cave house among cultural, ecological,
aesthetical etc. approaches.
-The adequate formation of ecology based architecture.
-The historical feature of space with a language of many cultures and
religions.

6.2 Thedisadvantages of cave house formation

Because of the limited properties of space planning of cave interiors some
disadvantages can be listed as follows:
-Theimpossibility of the flexible interior organisation,
-The improper sizes of interior dimensions as their naturally characteristic
constructions,
-The impossibility of the multidisciplinary and optimal space formation,
-The lack of acoustical criteria as the usage of stone which is not proper for
noise absorption and has the characteristic to reflect it.
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7 Conclusions

Cave houses are important archetypes of space as they indicate the cultures,
religions and tradition of centuries. As they are still being used today great
concern must be shown and more adeguate functions should be added so as to
reach a more sustainable meaning to increase the concept of the language of
space survived from centuries in order to let them be useful for more and more
years by great recognition.

The most important thing in this study is to understand the importance of the
historical aspect of design with the basis of nature and to create contemporary
solutions in today’s design problems with the solutions found in these types of
natural architectural spaces. These spaces should be a sample for contemporary
designers to create new sustainable spaces. Knowing the historical background
of design and nature with the samples in which they are in good sequences
designers could reach more and more liveable interiors with contemporary means
and without energy loss. These criteria should be carried at the first levels of
education in design training and be adapted beginning from graduate study.

Nature is a gift to all designers as it potentially carries important values like
aesthetics, energy, dynamical circulation of life, materials, daylight, air,
transformation etc. As designers use the present values of nature without giving
any harm and instead by energy conservation then more optimal solutions could
be reached.

References

[1] Firat, K., Kapadokya, Literatir Yayinlarl, Sanat Yasam Kdiltlr Dizisi,
1996.

[2] Kucgukerman, O., Turkish House, Kendi Mekaninin Arayisi Iginde Tirk
Evi, T.T.O.K Yayini, 3. Basim, 1988.

[3] Sbzen, M., Anadolu Turk Mimarisi, Anadolu Uygarliklari, Cilt 5.

[4] Unver S. E., Amucazade Hiiseyin Pasa Yalisi, T.T.O.K. Yayini, 1970.

[5] Rodley, L. Cave Monasteries of Byzantine Capadoccia, Cambridge
University Press, 1986.

[6] Rodley L., Byzantine Art and Architecture. An Introduction, Cambridge
University Press,1996

[7] Capadoccia Tourism Promotion Foundation. A complete Guide to
Capadoccia, ISBN 975 7672 106.

[8] Liew, J. Capadoccia, http://www.jehpin.com/travel/turkey/cappadocia.php

[9]  http://www.turkeytravel planner.com/photo_galleries/cappadocia/

[10] http://www.wsu.edu/~wldciv/tours/turkey/cap0l.html

[11] http://www.yunakevleri.com/useful tips.html

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



Design and Nature |11: Comparing Design in Nature with Science and Engineering 71

Build trees

M. Despang
College of Architecture, University of Nebraska, Lincoln, USA
Despang Architekten Hannover, Germany

Abstract

This conference was held in a lodge in the “New Forest”. This is an idea
environment to make the conference participants aware of the topic, addressing
wood as nature’'s most direct and oldest building product, which has the greatest
potential for helping the world into a postfossil future. Although wood is the
most organic material, when it comes to public appreciation as a building
meaterial, it is not ranked highly. The author will question and answer how
architecture technologically and aestetically can treat wood as an “up-to-date”
and “state of the art (and architecture)” building material truly belonging to
today’s world. The author will show by means of students’, colleagues and
personal work, how wood can create a sustainable architectural space and form
evoking respect and appreciation from all human senses. Both practicing in
Hannover, Germany and teaching in Lincoln, Nebraska, USA, the author will
introduce in his paper the intercultural approach to wood research in natural
building design. Work in progress and widely published built projects will
illustrate the strategies for improving the environment with wood. The author’s
recent experience with the new TMT (Therma Modification Technology) and
the results of his participation in the 4 European Thermowood conference in
February 2006 in Leipzig, Germany will be shared with the conference
participants. The paper presentation will point out the challenges and potential of
rethinking and reinventing wood as the building material for a future related to
postfossil nature.

Keywords: postfossil Midwestern architecture, progressive monolithic wood
structures, Thermo Maodification Technology, “ Passivhaus’ technology.

1 Introduction

Compared to the hard sciences architecture tends to have a lesser grade of
innovation. Compared to the progression in natural, medical and computer-aided
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science in the last century, building technology has nearly stagnated at a
medieval level. The mainstream of architectural application islittle influenced by
the cutting-edge architectural research. On the other hand sheltering dramatically
impacts the human environment. Architects should utilize innovative research
such as eco-friendly building concepts tremendously helping to preserve the
global environment. For example, due to a forestry mandate by the German
government in 1999 Germany saw an increase of wood buildings from today 9%
to 35%. This would compensate in 8.5 million tons of coal oxidant per year.
Since building with wood obviously makes common sense, a conclusion could
be to strategize and seek innovation from tradition creating buildings out of
nature's purest renewable material which is the oldest building tradition in the
world. Wood, as compared to stone, has always been more appealing. The
material’ s advantages are easiness to work with simpler tools and machinery and
being lively like human beings. One might think by this observation, that wood
is the ideal material to build with and which is the favorite in modern building
application. Resality however, looks different. In the following presentation,
reasons for contemporary human problems with wood will be investigated and
possible strategies on how to improve.

2 Analysis

Both academic and professional locations of Despang Architekten in Lincoln,
Nebraska, USA and Hannover, Germany serve as case studies revealing both
regions beginning from shared roots have emerged quite differently. What they
have in common are the skeptics about wood as a primary building material,
although both regions on different continents have intensively been growing
trees. The traditional northern German half-timbered structure restricts use of
wood aready to a necessary minimum, could not survive with the dominantly
pioneers from Germany in Nebraska, who were coming to settle on a treeless
prairie. Since then, Nebraska systematically improved and initiated the “Tree
City” initiative by the Arbor Day Foundation [1]. The foundation oversees the

Morton’s family enthusiasm for regional and worldwide greening.
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Figure 1.
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However wood till almost exclusively appears in the predominant wooden
platform, the former balloon frame structure system. This might be seen asin the
tradition of the German ancestors and their half-timbered system when comes to
the efficiency in using wood as little as possible and minimize the structure to
tiny studs. The lack of therma building mass in the USA leads to the
introduction of air-conditioning as the standard, as the ultima of un-
sustainability. And the outside of the wooden home appears like the common
shared ideal of a solid home, symbolized by brick or stone veneer and more and
more plaster cladding or vinyl siding as afake reference to the wooden heritage.

In northern Germany due to energy building codes, what was formerly
structural part of the wooden posts is made by concrete masonry units. They are
surrounded by insulation, but yet on the outside they are sheathed with a
replication of the half-timbered structure, neglecting the originating authentic
tectonical notion to degrading as awallpapering illusion.

Almost like the new world's “woody cars’ with their wood revealing plastic
foil glued to the sides of the automobiles, sentimentally recalls the former
structural making of cars out of wood for the body. This raises the question, why
wood as a material is so positively responding to nature and is so little
appreciated in natural condition? Finding the answer needs surprisingly more
than architectural investigation, because the reason might be more
sociologically/psychologically related than architecturally. Discussing the issue
with specialists in this field, the advantage of wood being organic and similar to
the human being turns out to be at the same time and to the same extent its
disadvantage. As expressed by the media in western culture only the forever
young and virgin appealing human beings are accepted. In opposition, any
natural aging process is rated down. In the media this phenomenon is drastically
expressed by beauty surgery series and the equivalent in the building world in
terms of wooden facades. These are periodically coated with awhite paint, which
refers back to brightening toothpaste.

This fakeness in using more the imagery of a wooden building rather than as
the concrete physica appearance has a long tradition since European
romanticism. For instance, the King of Prussia, Friedrich Wilhelm IV, in 1847
tried to cure the homesickness of his Bavarian born wife, Elisabeth, by building
her a Bavarian log cabin in the center of the Wilderness Park in Potsdam [2].
Following World War 1l the leader of the socialistic East “ German Democratic
Republic” Erich Honecker, although praising and practicing a strict modernistic
architectural approach for the people, chose for himself this so called “Bavarian
house” as a cozy background for private and officia representations. In an
almost exclusively historical pattern former East Germany is rebuilding the
cultural heritage after the reunification of November 1989, specificaly in
picturesque areas with a rich wooden architectural history like the
“Baederarchitektur” [3] on the island of Ruegen. This compared to the new
urbanism in the USA seeking the solution of healing the contemporary human
being with the realm of old-fashioned craftsmanship and details. The desire for
the wooden vernacular has recently been in the process of being professionally
touristically engineered and being promoted by the leisure industry. Referring to
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the aura in the turn of the 20" century, lodges in the USA, like Robert Reamer’s
groundbreaking Old Faithful Inn in the Yellowstone National Park or the 1936
Oregon Timberland Lodge, today’s clever hotel managements are trying to build
upon the sentimentalities of people regarding these eras as opposed to
contemporary, unpredictable and hectic times. Rarely do these enterprises make
use of the historical predecessors as a spatial and tectonical starting point, to then
find an own state of the art and architectural interpretation. In this new trend
known as “ parkitecture”, most are rather literal replicas of the architecture of the
“old times’ representing only the “good ones’. A positive exception to theruleis
the Amangani Resort hotel in Wyoming [4], where the hotel chain’s corporate
office and Paris architect, Ed Tuttle, who grew up in the Pacific Northwest, was
melting the cosmopolitan and the vernacular by basically focusing on the
potential of space and views with natural preaged materialsin a modern manner.

However showing aging both in human and building extend is generally
didiked by the mgjority of people. A different attitude is to be found in the
regions more exposed to nature’ s forces, as along the coasts or in the mountains
on both the European and the American continent, where the tradition of wood
construction and cladding transcends into a widely appreciated new wood
architecture. The exposure to nature’s power in the form of steady gusty winds
helps in regulating the humidity and allowing the wood surfaces to get a more
equal patina. This creates a natural look such as the face of the farmer in the
plains or mountain women in the mountains, with an own beauty of the skin
structurally carved by the wind and the sun. Taking a closer look and tracing a
comparison from nature and the structure of the bark on the trunk of a tree to
architecture, we see a potential of striking similarities in approaching a
sustainable notion: the ultraviolet light darkens the wooden building skin as a
protection for the surface below and carvings drain the humidity.

3 Development/results

The architectural work of Despang Architekten made use of this research when
investigating the potential of sustainable wooden building concepts on a natural,
yet truly modern and contemporary basis. In the case of the design for the
school for mentally disabled children in Garbsen, Germany [5] this goa was
achieved by seeking a materiality responding to the extremely strong demand of
addressing all the five senses of these special children. On a small lot in an
existing school complex, blending the urban edge into the surrounding
landscape, a pavilion courtyard type organization was applied to integrate natural
conditions in the form of bringing open space, light and air into the building. The
tectonical concept was derived from an idea regarding of the substance of a
section of atreeitself: inside a notion of stimulating bright wood, on the outside
sheathed by a ‘crusted” protecting bark. To achieve athermal mass equivaent to
the favored monalithic stone and brick house and unlike the common wooden
lightweight structures, the mass of the trunk was taken literally by applying the
wood in a massive way. The board staple-structure [6] insulates already rather
well, so an average amount of insulation applied on it, achieves a much better u-
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value. This system of nailing the boards to each other in a structurally engineered
way, so that a dab results, was chosen for the application for the entire structure
of load bearing walls and ceilings. Julius Natterer, Professor at the Ecole
Polytechnique Fédérale de Lausanne, Switzerland and main mentor of the
system, calls a social structure, where the weakness of one member (board) is
compensated by the other ones [7]. This structural/tectonical principle nicely
describes and stands as well for the pedagogical concept of solidarity being the
primary strategy in the education of mentally disabled children. In nailing the
boards, instead of laminating them to each other the system is emission free.

The goal of a consistent appearance outside matching the vertically louvered
surface of the inside, the same pine boards could be used, by applying the
emerging and innovative TMT, intensively researched and promoted by the “ihd
/ Ingtitut fuer Holztechnologie Dresden gGmbH”", Germany [8]. Whereas
untreated pine wood does not provide the affordable resistance against biological
and insect attack, this improvement upgrades the resistance of the wood
remarkably.

The public in general appreciates darkened, tanned and evenly textured wood
characteristic for trees in seasonless regions which are mainly tropical aress. The
massive and vast diminishing of the tropical rain forest is scientifically proven to
have a hazardous impact on the global climate. However the TMT has been
mainly invented to enhance the resistance against biological and insect attack,
occurring based upon high humidity. The main environmental advantage of TMT
is based upon another phenomenon. The exposure to heat and pressure let the
wood turn dark and by this makes it attractive as an aternative for tropical
hardwood. This way TM-wood helps to preserve the tropical rainforests and the
global climate. In addition, the untreated wood is serving the local environment
by having been regional softwood trees prior to becoming a TMT product and in
this previous function, intensively helps to convert coal oxidant into oxygen.
Even the energy for the modification process can be recruited from the natura
resource circle itself, by firing the heat chambers with the same fast growing

regional wood which is modified.
. Wﬂ“ ||| ||| (T
9

Figure 2.

While technologically convincing, on an emotional level the material yet still
has to find an own identity, a soul, as a requirement for being accepted, which
again is the basic requirement for sustainability. The materia therefore has to
overcome the substitutional character. The potential for an own realm is yet
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obvious, but has to be explored furthermore on a broader architectural level. For
example tropical hardwood, due to the lack of seasons, is often missing grain.
The variety of these natural textures of local softwood can be strategically used,
as the tectonics of the school in Garbsen demonstrates. Throughout the fine
rhythm of the boards and the battens system, the texture of the pine wood works
almost as anatural ornamentation.

The heat treated pine wood, made by diminishing the crystal water in the
wood, already reacts like the tanned human skin, protecting the cells underneath
and ages equally.

As part of the vertical tectonical sheathing elements like windows, gutters and
down sprawls are integrated flush into the surface. Equally exposed to sun and
air, like the human skin of the mountain women, the fagade of the building in
this way has the chance to age in honor. This result is a higher grade of
appreciation and acceptance for the architecture, because the architecture makes
use of the tectonical principles and makes people collectively agree like they do
on the natural beauty of atree trunk.

Despang Architekten's project, which is building upon the previous
experience but yet pushing the envelope to an even further extent, is a
kindergarten building project in Hannover, Germany [9]. For another public
client with alimited budget, the goal was to create a building with high comfort,
while assuring anatural environment for the children. In addition to ending fossil
resources, the building is mostly independent from this kind of energy. The
building is situated in a consistent 1960's neighborhood, with a high urban
quality and replaces an existing structure from 1970. The neighboring structure
is a sustainable neighborhood grocery store center designed by Despang
Architekten in 2004 [10] which received the Lower Saxony States Award of
Architecture [11] that year.

The chair of the jury, Professor Carsten Roth, both of Hamburg and
Braunschweig, Germany and Denver, Colorado honored the concept for the both
rigid and poetic structure of a concrete frame. In terms of a neighborhood
kindergarten building, the existing site with a yard of mature trees was carefully
adapted to redesign the kindergarten building type. As a research result of the
Garbsen schoal, the north side is treated in a similar manner, hosting the serving
rooms, sheathed by a screen of heat modified wood battens which change from
opague to opal running over the solids and voids of the surface.

The approach of the application of the heat modified wood though goes
beyond the achievements of the former one, by expressing the TMT process in
the building design and using this as a creative exploration. In the areas of the
windows, the brightest HM wood is applied, which is the one been processed the
shortest time. In the closed wall areas the darkest one is used. In between, the
transition from bright to dark will generate a notion of motion.

The application will enhance the character of TM wood and be of maor
contribution to the “no emission” building concept, which will be an opportunity
to promote the material being rather unique than substitutional .

To keep the heat out in the summer and the cold in winter, highest insulation
and thermal mass are incorporated. The search for the appropriate structural
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system lead linearly back from the contemporary most commonly executed
American platform type, to it's ecological precedent, a 1973 case study home in
Lungby, Denmark [12]. Surprisingly enough research sources trace knowledge
about this as far back as the last major global awareness of ending fossil
resourcesin 1970.

Similar, in the kindergarten project, TJl studs are used with a foot deep
insulation out of cellulose as another aggregate condition and use of trees. The
necessary thermal mass is provided by massive wooden ceilings, once again in
the board-staple structure and a PCM (Phase Changing Material) enriched
concrete floor slab, again disconnected from the earth by afoot deep insulation.

The curvilinear southern facade is entirely glazed and maximizes the solar
gain and transition of space from the inside to the outside. The existing trees, in
addition to custom made umbrellas, keep the building from overheating in the
summer. Although neither a romantic log cabin nor the beloved stone building,
this project will convince the client in the way of its environmental friendliness,
as the building material instead of polluting, cleans the environment.

The project points out another important aspect by obeying al the parameters
and applying all the tools of “passive house planning”, but this alone does not yet
generate a result which is satisfying from an architectural point of view. In other
words green vocabulary does not automatically enable planners to speak a
sustainable language, because architectural quality in a balanced relation of form,
space and tectonics needs to be integrated to make the building pleasing to the
occupants and endure or be able to be adapted, which is one of the most
important integral aspects of sustainability. As much as the lack of
environmental building sensitivity has been a concern in the past, the lack of
innovative architectural character of “passive houses” might be a problem in the
future. The questionable charm of glued together styrofoam boxes can already be
seen as a problematic issue, keeping green building design away from becoming
influential on a broader, widespread level. The kindergarten design by Despang
Architekten demonstrates that passive house technology is not an aim but a tool
to create ecological architectural space. To deal with these physically generated
parameters is not the final destination but the starting point in greening design.
The architectural exploration has to give these somehow restricted, nature-given
parameters spatial character. And the design has to donate to the building a
distinct, unpredictable character responding to the individual inspirations of
exteriorities and interiorities as is always and ever the case with good
architectural design, no matter if green or not. Wood as nature's oldest and
regarding the future most emerging building material is idea because it is
inheriting both pragmatically and poetic quality.

However in regard of a global potential, wood has yet to be introduced to a
wider audience by applying to a broader range of architectural building types,
like the train stations designed for the Expo 2000 in Hannover by Despang
Architekten [13]. However most important is to promote wood in terms of the
organic human attitude in the domestic building typologies. The rental “treetop
condominiums’ by Despang Architekten in Hannover is an example of using
wood in a building type commonly and traditionally in a particular
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geographically area not familiar with wood. In this case the sentimental notion of
wood as the structural material of a tiny half-timbered house which was
previously occupying the lot is used to code and accentuate the areas of most
intense human occupation, blending the space between the private and the
public. Wood is by this transformed from a structural literal level to an abstract
enveloping one.

Using wood is from the matter of a wide public appreciation most important
in small scale domestic building types, likein the case of the “house K.” [14] and
the “wooden feathery extension” project by Despang Architekten [15], again in
Hannover. Adding a one room extension and a canopy to an existing old house
creates a new sense of place and a transition of space from the inside to the
outside. In this case the physical capabilities of camballawood enabled a concept
of structure and architecture to blend into each other as integrative parts and
work primarily with light and shade as major architectura components, like
bamboo does in the natural world. Worth examining is once again the calculated
notion of a comfy and warm environment, created by the material’s unique
physical quality. The decades of the 1950s and 1960s, being influenced by the
design of northern European countries, can be dtrategically seen as
predominantly taking advantage of this. Instead of staying a local phenomenon,
sensual architecture emerged to a global extent and excitingly down to the
ordinary average single family house. The 1950s domestic case studies almost
automatically resulted in relating to natural conditions, as blurring the boundaries
from the inside to the outside, sun gaining floor to ceiling windows to the south
and ventilating courtyards as “low technology” natural cooling devices. This
notion is represented by the tropical hardwood resembling covers of the recent
books about the west coast phenomenon of the “Eichler homes® [16] or about the
more vernacular “ranch homes’ [17]. The rising appreciation in this legacy is as
well an indication of a potential of wood being strongly associated with
progressive housing for awide range of the population in the USA.

Figure 3.
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4 Execution/conclusion

Researchers at the College of Architecture at the University of Nebraska-Lincoln
will investigate the future potentials of the progressive Midwestern mid-century
homes legacy. Starting from the analytic precedents from the past, the further
goals and objectives are to trace the spatial, tectonical, environmental and social
potential of wooden buildings into the future. The experience of professiona
practice of the instructors will help and encourage the students. In particular the
Nebraskan Assistant Professors Jeffrey L. Day [18] with offices in San
Francisco, California and Omaha, Nebraska and Martin Despang in Hannover,
Germany will share their knowledge of investigation in the creative potential of
wooden prefabrication production with the students for the benefit of the
teaching and research exploration. Whereas Martin Despang’'s School in
Garbsen, Germany was experimenting with automated prefabricated massive
elements, creating efficient, ready made and thermal, acoustical and sensual
qualified components, Jeff Day’'s “Wood Isdland House’, deadls with the
challenging issue of defining an organic domestic space by using cutting-edge
computer technology both in design and fabrication.

Leading in building energy consumption, the USA has to use the architectural
academic freedom to address the potential of ecology in building design more
aggressively, especialy in the Midwest, with perfectly given natural resources of
sun and wind. Rising energy costs might even give them the chance to receive a
wider public audience and interest, making a virtue out of the dilemma and
introduce progressive architectural dimension once more to the citizens of cities,
communities, neighborhoods or just the single middle income family. In
collaboration with involved faculty at the College of Architecture at the
University of Nebraska-Lincoln, this issue will be addressed more intensively in
architectural education.

Projects to be resolved are by intention small, giving students a chance to
study the issue in more depth, rather than creating huge corporate architectural
visions lacking sensitivity for the detail. Masters student Daniel Siedhoff is
currently preparing for his master thesis, re-designing a house on a lake, being
design/builder with hands on activity. Colleague Alissa Piere uses her childhood
experience of having grown up close to the Winnebago Indian Reservation north
of Omaha, Nebraska to re-think the domestic reality of contemporary Indian life
[19].

For both students the investigation is a process getting back to their roots.
Their ancestors instinctively knew how to survive in the harshness of the prairie
plains by physically protecting themselves from the north wind and opening to
the south sun, in this case literally “building” trees. When it comes to the point of
creating truly contemporary ways of living environments in the beginning 21%
century, this generation will be looking forward, in a highly advanced modern
global world, seeing the tree as a metaphor for creating self sustainable and re-
rooted architectural organisms.
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Abstract

A dome-covered house is an example of designing sustainable buildings by
learning from the optimized biological forms from nature. This paper presents
the mathematical model for estimating the energy performance of the ensemble
dome-house. The heat balance equations are written at the dome surface, for the
air inside the dome, at the outside surfaces of the house, at the inside surfaces of
the house, at the ground surfaces, and for the air inside the house. The annual
energy performance of the dome-covered house is presented and compared with
that of an isolated house located in Y ellowknife (Canada) at 61°N latitude.
Keywords: energy performance, dome-covered house, optimized biological
form, mathematical model.

1 Introduction

Dome structure is based on self-generating forms in nature, bubble clusters being
typical examples. It is based on the natural form-optimizing processin biological
structures and can be trandlated into the architectural world in the form of
pneumatic structure [1, 2]. The dome configuration applies nature's principles of
forming a highly efficient system. The advantages of designing a dome-covered
house in Canada are [3]: it can provide a shelter to withstand high winds and
extreme temperatures in northern part of Canada; it can store large amounts of
solar radiation and thus reduce the heating load of the covered house in the
winter; and it can provide pleasant view without sense of enclosure if the dome
is transparent or translucent.

Examples of dome structures in nature are the sunflower, the shell of sea
urchin, and the rose bubble shell. The dome-like shape of the sunflower enables
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it to receive maximum solar radiation during daytime. The dome-like shapes of
the sea urchin and the rose bubble shell enable them to overcome the water
pressure.

More attention has been given to the structural configurations than on the
thermal performance of dome-like buildings. According to the Buckminster
Fuller Institute [4], some of the largest geodesic-dome structures (listed in
descending order from largest diameter) are presented in Table 1:

Table 1: The largest geodesi c-dome structures.

No. Name Location Diameter (m)
1 Fantasy  Entertainment Kyosho Isle, Japan 216
Complex
2 Multi-Purpose Arena Nagoya, Japan 187
3 Tacoma Dome Tacoma, WA, USA 161
4 Superior Dome Northern Michigan Univ 160
Marquette, M, USA
5 Walkup Skydome Northern Arizona Univ. 153

Flagstaff, AZ, USA

According to Monolithic Dome Ingtitute [5], a monolithic dome home has
approximately 333 m? of living space, walls and ceiling with thermal resistances
of 10.5 m?-K/W, low emissive windows and low flow water fixtures. The owner
obtained energy savings of over $2000 per year compared to a conventional
masonry house of the same size. Croome [3] presented his concept of building a
covered township in the northern part of Canada. In his studies, the dome
structure was composed of double layer membrane material. The simulation
results predicted a 15.7% reduction of the annual heating energy consumption
for houses built under that cover, compared with houses without cover.

Transparent and translucent domes have been used as skylights for
daylighting and energy saving purposes. Some models [6-9] have been
developed to predict the optical and thermal properties of the dome skylight.
Those models replaced single-glazed hemispherical dome skylights by optically
and thermally equivalent single-glazed planar skylights. Smith [10] developed a
mathematical model to predict the impact of thermal exchange within
pyranometers, simulated as a small glass dome, considering only convection and
conduction. Electrochromic glazing may be used to prevent the overheating
inside such structure in the summer. For instance, PortaGandara & Goémez-
Mufioz [11] modeled a Fuller type geodesic dome to estimate the solar energy
that passes through the dome, when it is covered with electrochromic glazing,
compared with the case of acommon glass.

2 Mathematical model

2.1 Heat balance of the dome glazing

The dome surface is divided into 84 rows and 26 columns that give 2184 cells
(Figure 1). The heat balance equation at the center of each cell (i,j) iswritten as:
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where Oxjj = the absorbed incident solar radiation, in W/m? qcom,IJ = the
convective heat flux over the inside and outside cell surfaces, in W/m?; quwr;j =
the Iong wave radiation with the outdoor environment (ground and sky), in
W/m? ;0surtj = the net long-wave surface-to-surface radiation between the cell and
other surfaces inside the dome, in W/m? ;m;; = the mass of cell (i,j), in kg;c, =
specific heat of the dome glazing, in Jkg-°C; T = temperature, in °C; t = time, in
sec, k = conductivity of the glazing, in W/m-K; d = thickness of the glazing, in
m, | = length of the interface between two adjacent cells, in m.

2.2 Heat balance of the air inside the dome

Theindoor air is assumed well mixed and therefore it is represented by one node.
The heat balance equation for the air inside the dome is written as:

dar
Qoonv,in + Qinf + Qexf = rT\ncp E (2)

where Qgonyin = the convective heat flux over all inside surfaces, in W; Qi = the
infiltration heat gain/loss due to the outside air, in W;Qes = the exfiltration heat
gain/loss from the air inside the house, in W; m;, = the mass of air inside the
dome, in kg; c,= specific hest of air inside the dome, in Jkg-°C.

2.3 Heat transfer through walls

Each exterior wall of the house inside the dome is assumed to have four layers.
Nine nodes are used to discretize each wall/roof. The governing equation for the
one dimensional heat transfer process in each layer iswritten as follows:

oT OT?
ot “ ox? ®

where a = the thermal diffusivity of each layer of the wall, in m%s; x = thickness
of the layer, inm.
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The outside boundary conditions can be written as follows:

oT

1 dT
- k ox | x0T qsol,l,out + qconv,l,out + qsurf lout — P1 * del * Cpl * E (4)

where k; = thermal conductivity of the first layer of the wall/roof, W/m-K;

Osol, ou = = the absorbed solar radiation that is received at the outside wall surface,

W/m?; Geonvout = the convective heat transfer over the outside wall surface, W/m?;

Oaurfout = the net surface-to-surface radiation leaving the outside wall surface,

W/m?, p, = density of the first layer of the wall, kg/m?,dx; = thickness of the first

layer of the wall, m;c,, = specific heat of the first layer of the wall, Jkg-°C.
Theinside boundary conditions can be written as follows:

oT dT

1
k 8X |x_th + qconv,l,in + qwrf JLin + qrad,ihg = Pa * de4 * C T (5)

where k = thermal conductivity of the last layer, W/m-K; qconw,.n = the
convective heat transfer over the inside wall surface, W/m?; qsurflln = the net
surface-to-surface radiation leaving the inside wall surface, W/m?raging = the
radiation heat flux due to internal heat gain, W/m? ; dx, = thickness of the last
layer, inm.

2.4 Heat transfer through the ground inside the dome

The one-dimensional heat transfer equation (3) is applied. The outside boundary
conditions can be written in similar way as eguation (4). The temperature of
undisturbed ground at 3.0 m is assumed to be equal to the soil temperature
obtained from Energyplus [12]. A number of nine layers are used to discretize
the ground on the vertical direction.

2.5 Heat balance of the house indoor air

The air inside the house is assumed well mixed and therefore it is represented by
one node. The indoor air temperature T, is held at the set-point value by a
heating, ventilation and air-conditioning (HVAC) system. The heat balance for
theindoor air iswritten as:

6
QHVAC + 2 Aj ha (TJ in Ta)+ Qinf + Qinternal conv 0 (6)
=1

where Tj;, = the inside surface temperature of the jth wall, window, roof or floor,
in °C; Quvac = the heat extraction/addition rate by the HVAC system, in W,
Qinr= the infiltration heat gain/loss due to the air inside the dome, in W,
Qinternaiconv = the convective part of internal heat gain, in W; T, = room air
temperature (e.g., T = 20°C).

2.6 Inside convection coefficient
The inside convection coefficient for each dome cell is calculated by assuming

natural convection [13]:
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h =9.482 3|AT| f d heat fl
"7 7.238 —cos T (for upwerd heat flow) ()
Y[AT]
h, =1.810 - (for downward flow) (8)
1.382 + |cos Z|

where AT = the temperature difference between surface and air, °C; X = thetilted
angle of surface, degree.

2.7 Outside convection coefficient

The outside convection coefficient is calculated as follows [14]:

h, =yh?+[ave ] ©

where h, = the outside convection coefficient, in W/m?°C; h, = the natural
component of convection coefficient, in W/m?°C;V, = the wind speed over the
surface, in m/s.

2.8 Radiation coefficient

The net radiation exchange of a surface is equal to the difference between the
surface radiosity and irradiation. The total long-wave incident radiation of
surface Aj is:
J_ _SE Nsurfac&:
A——1=>IFA (10
P i=1

where g=the emmissivity of each surface, J = the radiosity of each surface,
W/n?, E; = the blackbody emissivity power, W/m?, F;; = the view factor between
two surfacei andj.

Hotel and Sarofim [15] simplified the calculation of the radiant exchange
calculation by pre-calculating all geometry and surface-related properties using a
total gray interchange area, S;. By applying this concept, the net radiation
exchange at one surface becomes a simple summation of al the incident
radiations from other surfaces to the destination surface. With this method, the
network equations can be solved once and used throughout the rest of the
simulation period. In this paper, a new view factor based on the total interchange
area is defined and used to calculate the long-wave radiation between inside
surfaces. The total interchange view factors can be obtained by solving the
systems of equations. With the total interchange view factor, the radiation
coefficient between two surfacesi and j can then be written as:

2 2

h,=oF T2 +T2)T +T) (1)

where 6 = Stephan-Boltzmann constant, 5.67x10°W/myK* F; = the total
interchange view factor between surfacesi and j.
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3 Comparison with analytical model/experimental data

3.1 Comparison with a simplified analytical model

A simplified case was used for preliminary verification of the computer model
where the ground, wall and roof are assumed to be well insulated. No wind, sky
radiation, longwave radiation between the dome and outdoor ground, and solar
radiation is considered. A simplified mathematical model composed of three
nodes, one for the air inside the dome, one for the ground inside the dome, and
one for the glazing, is developed:

dr,
hinAHome(Ts _Tin)+ hinAg(Tg _Ti”): mncp,in dt (12)
1 dar
hr (Ts _Tg )+ hin(Tin _Tg ): Epngprg dtg (13)
dT,
ho(To _Ts)+ hin(Tin _Ts)+ hr (TQ _TS): psds dt (14)

where h;, is the convection coefficient over the inside surface of dome; Agome iS
the area of the dome surface; Ts is the glazing temperature; T, is the air
temperature inside the dome; A is the area of the ground; Ty is the temperature
of the ground surface; mi, is the mass of the air inside the dome; ¢, is the
specific heat of air; h, is the radiation coefficient; pg is the density of soil; dx is
the thickness of ground layer; c, 4 is the specific heat of soil; h, is the convection
coefficient over the outside surface of dome; ps is the density of the glazing; and
ds isthe thickness of glazing.

The solution of equations (12-14) is obtained in the MATLAB environment.
Initially, all temperatures are assumed to be equal to (-10°C). Then, the outdoor
air temperature rises suddenly to 0°C. The variation of air temperature inside the
dome under this step change of outdoor air temperature, as estimated by the
detailed computer model and by the simplified model, is presented in Figure 2.
The results indicate a good agreement between the two models, as the maximum
difference is less than 0.7°C. The three temperatures converge to the outdoor air
temperature of 0°C after about 17 hours.

3.2 Comparison with experimental data

The simulation results are compared with the experimental data of two cases as
presented by Smith [10] (Figure 3 and Figure 4). In the first case, the
temperature of dome and of air inside the dome is assumed to be equal to 0°C
initially. Then, the outdoor air temperature rises suddenly to 19.25°C. In the
second case, the initial temperature is (-4.65°C) and the final temperature is
22.85°C. The simulation results agree well with experimental data.
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Figure2:  Variation of air temperature inside the dome following a step
change of outdoor air temperature from (-10°C) to 0°C.
Comparison between the detailed computer model and MATLAB
solution to equations (12-14).
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Figure3:  Variation of the glazing temperature following a step change of
outdoor air temperature from (0°C) to 19.25°C. Simulated vs.
measured [10].

4 Case study

A dome with radius of 20m, built around one house with the following
dimensions L = 10m, W = 10m, H = 4m is selected as a case study. The results
are compared with a house unprotected by a dome.

The ground surface temperature and air temperature inside the dome, and the
heating load of the house on February 21%, are shown in Figures 5 and 6 for the
dome-covered house located in Yellowknife (Canada). This city is located at
61°N latitude, has the outdoor design temperature for heating of -38°C and the
annual number of heating degree days equal to 8256°C.
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Figure4:  Variation of the glazing temperature following a step change of
outdoor air temperature from (-4.65°C) to 22.85°C. Simulated vs.
measured [10].

Simulation results show that the air temperature inside the dome can be lower
than the outdoor air temperature at night (Figure 5), however, at 14:00 hours the
air temperature inside the dome can be 12.4°C higher than the outdoor air
temperature. Figure 6 shows a reduction of 34.9% in heating load on February
21%. Table 2 compares the daily heating load of one house without and with a
dome cover. It can be seen that during winter season, the dome helps to reduce
the daily heating load of the house between 1.1% and 80.1%. The annual average
reduction of heating load is 19.1%.

0 - —e— Outdoor air
.5 | —#—Dome air

Ground Surface

-10

Temperature(°C)

1 3 5 7 9 11 13 15 17 19 21 23
Time (h)

Figure5:  Air and ground temperatures inside the dome on February 21
versus the outdoor air temperature (Y ellowknife).
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Figure 6: Hourly heating load on February 21 (Y ellowknife).

Table 2: Daily heating load of the house, in kWh.

Day Without dome With dome Reduction (%)
Jan. 21 69.9 69.1 11
Feb. 21 32.4 211 34.9
Mar. 21 29.1 5.8 80.1
Apr. 21 0 0 -
May 21 0 0 -
June 21 0 0 -
July 21 0 0 -
Aug. 21 0 0 -
Sep. 21 0 0 -
Oct. 21 0.14 0 -
Nov. 21 50.2 454 9.6
Dec. 21 49.4 45.5 7.9

5 Conclusion

The simulation results predicted a reduction of about 19.1% of the annual
heating load of a house when a dome is used compared with the case of an
unprotected house. The development of zonal models to simulate the air
temperature inside the dome is currently under way.
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Biodegradable building

P. Sassi
Welsh School of Architecture, Cardiff University, Wales, UK

Abstract

Waste minimisation is increasingly being considered as part of a comprehensive
approach to sustainable design. Good site practice and procurement systems can
realise some reductions in construction and demolition waste, but to significantly
reduce waste and create a virtually zero waste building changes in the building
design are necessary. To achieve zero waste buildings, inspiration can be drawn
and lessons can be learnt from nature. The cyclical characteristic of natural
processes, where plants grow, die and biodegrade becoming a resource for new
growth, can be applied to building construction. The concept of biodegradable
buildings relates to nature at a theoretical level and itsimplementation in practice
can contribute to a comprehensive agenda for sustainable design.

This paper reports on a study of the potentia for reducing end of life waste
associated with buildings by constructing buildings to be biodegradable, and
considers the options for integrating biodegradable materials in mainstream
construction. The study compares the end of life waste produced by three
building designs including a traditional construction, a mainstream advanced
design and a maximum biodegradable design. The results identify possible waste
reductions of 85% of non-biodegradable waste measured by weight and 93%
measured by volume for the advanced design and 99.6% (weight) and 99.9%
(volume) for the maximum biodegradable design compared with the traditional
construction. Both designs aso achieved overall waste reductions of
approximately 70% by weight and 20% by volume. The study concludes that
feasible and worthwhile waste reductions can be achieved in mainstream housing
construction by designing biodegradable buildings.

Keywords: waste minimisation, biodegradable materials, recycling, natural
materials ecological building.
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1 Introduction

Designing sustainable buildings involves addressing a broad spectrum of issues.
A comprehensive approach to sustainable building design addresses large scale
and urban design issues affecting community stability, social well-being and the
environment, as well as building-related issues affecting resource use and human
and environmental health. Certain sustainable design approaches, such as energy
efficiency, are well understood and extensively implemented; others are till at
an experimental stage and seldom put in practice. Among the less widely
implemented sustainable design approaches is that of minimising construction
and demolition (C& D) waste. However, with increasing environmental concerns
also this areais now being addressed.

Waste from construction and demolition work constitutes a significant
percentage of the total 400 million tonnes of waste produced in England and
Wales, which include industry, commerce, household, agricultural and mining
wastes, plus sewage sludge and dredged spoils [1]. An estimated 90-120milion
tonnes of C&D waste per annum are produced in the UK, of which 15-20 million
tonnes are thought to be construction waste, the rest is demolition waste [2].
Most of the demolition waste measured by weight is concrete (making up 40%)
and masonry (24%). The remaining demolition waste is made up of paper,
cardboard, plastic (17%), asphalt (15%), wood based (3%) and other materials
(0.6%). Approximately half of the inert waste is used as fill materias in
landscaping and road building, as little as 3 million tonnes of the total C&D
waste is reclaimed for reuse in the building industry and most of the rest
currently goes to landfill [3]. An estimated 16 million tonnes of C&D waste
designated for landfill is classified as special waste requiring treatment before
being landfilled. Biodegradable waste makes up less than 20% of the total
demolition waste and some of it, such as treated timber, is sometimes classified
as special waste [4].

Waste is associated with a number of environmental problems. The transport
of waste is associated with pollution to air and resource consumption. Waste
disposal through landfill is associated with the use of land, which in many
densely populated countries is becoming a scarce resource [5], and with
pollution to land, water and air [6]. Incineration also generates pollution and
contaminated ash, which is generaly landfilled.

To reduce the environmental impacts associated with waste both the amount
and the pollution potential associated with the waste should be minimised. The
Waste hierarchy determined by the EC Framework Directive on Waste (Council
Directive 75/442/EEC) sets out waste options in descending order of
environmental benefit. Prevention or minimisation of waste is identified as the
most preferred waste minimisation solution. This is followed by reuse; recovery,
which includes recycling and composting; energy recovery from waste through
incineration; and finally disposal through landfill [7].

In respect of building design, prevention or minimisation of waste begins at
design stage and can be addressed by making efficient use of building materials
through value engineering, but also by only building what is really necessary. In
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terms of material selection to minimise waste, inspiration can be drawn and
lessons can be learnt from nature. The cyclical characteristic of natural
processes, where plants grow, die and biodegrade becoming a resource for new
growth, can be applied to building construction. Such a cyclical, or closed loop,
system for buildings and their materials could be created through the use of both
biodegradable and recyclable materials. In both cases the existence of a closed
loop systems is subject to the segregation of waste when it occursi.e. during the
demoalition or dismantling of the building, as well as during maintenance work.
Biodegradable materials are part of a naturally occurring closed loop cycle.
Recyclable materials are part of a closed loop ‘man-made cycle. While the
waste hierarchy puts reuse above recycling and composting in respect of
reducing the environmental impacts associated with waste, only if a reusable
element or materia is also biodegradable or recyclable can it form part of closed
loop cycle. The reuse of components or materials that are not recyclable or
biodegradable may extend their useful life, but they will nonetheless constitute
part of alinear system, typically associated with high levels of waste, rather than
a cyclical system. To maximise the waste minimisation efforts materials should
be both reusable and part of a closed loop cycle[8].

From an environmenta point of view closed loop cycles of biodegradable
materials are preferable to those of recyclable materials as they generally require
fewer reprocessing resources and are associated with less pollution. For example:
the embodied energy of imported timber is 3 MJKkg, athird of that of recycled
aluminium estimated at 9.2 MJkg (5% of 184 MJKkg for virgin aluminium) [9].
The ‘reprocessing’ of timber through natural cycles involves the timber
biodegrading. This can produce carbon dioxide through aerobic decomposition
or methane through anaerobic decomposition. The resulting compost can replace
peat and artificial fertilisers and methane can be used as a fuel. Trees absorb
carbond dioxide through their growing period and aso provide other benefits
such as natural habitats for flora and fauna, soil erosion prevention,
environmental cooling and much more. The reprocessing of aluminium, on the
other hand, is an industrial process associated with pollution to air albeit reduced
compared to the production of new aluminium.

2 Research aims

Reducing waste associated with buildings throughout their lifetime by designing
closed loop material system composed of biodegradable materials is not part of
mainstream practice. As could be seen from the composition of demolition
waste, only a small percentage is biodegradable. Timber, an extensively used
biodegradable material, only makes up 3.1% of the total materials used. To
increase the use of biodegradable materials in buildings, a broader range of
products is required. Furthermore a clear case has to be made for the use of
biodegradable materials as an effective approach to waste minimisation.

This study considered the potentia for constructing buildings, and in
particular mainstream housing, with biodegradable materiadls as a means of
reducing end of life waste associated with buildings demolition and
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deconstruction. Currently available biodegradable building materials were
identified, including those in common and less common use, and assessed for
their appropriateness for use in mainstream housing construction, by comparing
their codt, technical performance and aesthetic equivalence to that of standard
materials. To quantify the potential for reducing waste through the use of
biodegradable materias the construction specification of three different house
types was compared to assess the volume of biodegradable and non-
biodegradabl e waste that would be produced at the end of the buildings' life. The
designs discussed in section 4 ranged from conventional to highly biodegradable.

3 Biodegradable building materials

Biodegradable - Property of a substance that enables it to be decomposed by
microorganisms. The end result of decay is stable, simple compounds (such as
water and carbon dioxide). This property has been designed into materials such
as plastics to aid refuse disposal and reduce pollution [10].

While biodegradability is often associated with natural materials, as the
above definition suggests, man-made materials can also be made to biodegrade.
Natural biodegradable building materials have a very long history, but with the
advent of synthetic and contemporary materials, biodegradable materials have
progressively lost their share of the building industry market. However,
increasing environmental concerns have again brought natural materials to the
fore aswell as pushed the plastics industry to develop biodegradable plastics.

Biodegradable materials can be grouped in four categories: natural materials
that can be used following minimal processing (e.g. timber, bamboo); natural
materials bonded with a resin or mesh (e.g. sisal carpet, soy boards); natural
compounds used in manufacturing products including adhesives and other
polymers (e.g. natural protein to manufacture biodegradable plastics); and
biodegradabl e synthetic materials (biodegradable plastics).

3.1 Minimal processing natural biodegradable materials

In contemporary construction, natural biodegradable materials that need minimal
processing include timber, straw and bamboo used for structural purposes; straw,
cork, flax, hemp and sheep’s wool insulation; cork floor and wall finishing;
bamboo and timber rigid floor finishes; timber and thatch timber roofing
finishes; and timber fixtures and fittings, including bathtubs and sinks.

3.2 Bonded biodegradable materials

Examples of bonded biodegradable materials include mixtures of hemp or straw
and clay used to infill external wall frames; straw bonded between two layers of
kraft paper to form non-loadbearing interna partitions; timber, straw and soy
finishing or structural boards; jute carpet backing and wall coverings, seagrass,
sisal, coir, cotton, paper and wool carpeting; cork mixed with wood flour,
powdered limestone, linseed oil and natural resin to make linoleum. Natural
fibres have been shown to have equivalent performance characteristic to
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synthetic fibres, [11] and their use in concrete and cement products has generated
great interest in the research community [12]. However, bonding a biodegradable
material with a non-biodegradable material, such as concrete or cement will
compromise overall biodegradability. Similarly effects may occur when
including additives to improve the performance of building products. For
example some insulation products made with natural and polyester fibre mixed
are unsuitable for composting, but equally inappropriate for landfilling due to the
large percentage of organic matter [13]. Some bonding mediums, such as the
kraft paper in straw walls or the natural resins in hardboards are themselves
biodegradable, others are not. To maximising the biodegradability of building
products natural fibres should be bonded with the biodegradable naturally
derived high performance plastic resins, as discussed in the next paragraph.

3.3 Natural biodegradable plastics

Biodegradable plastics, which include adhesives and resins, can be made from
naturally occurring polymers such as cellulose, starch, protein, and sugar
molasses extracted from plants. Historically natural adhesives, such as potato
and rye flour starch, soya protein and natural rubber have been used very
successfully, and while still in use are now largely superseded by higher
performance synthetic glues [14]. Research is now focussing on manufacturing
natural and biodegradable plastics with performance characteristics equivalent to
synthetic options. Corn zein, wheat gluten, soy protein, and peanut protein have
been investigated for potential uses. New building products made in this way are
not yet available, but industries such as the paper and colouring industry are
beginning to replace synthetic polymers with natural ones [15]. The packaging
industry is also making use of natural plastics for food packaging and protective
mouldings. The use of expanded starch packaging is already relatively
widespread and could be introduced to building industry [16].

3.4 Synthetic biodegradable plastics

Petroleum-based plastics, mainly polyolefins such as LDPE in, LLDPE, can now
be modified with additives to be made biodegradable and able to be converted
through digestive activity of microorganisms into water and carbon dioxide [17].
Current uses include biodegradable waste bags. Building products made with
synthetic biodegradable plastics are unlikely to be developed for the time being,
due to the higher manufacturing costs, but could be developed in future.

3.5 Technical aspects of ensuring biodegradability
To ensure that material integrated into a building can be biodegraded at the end

of the building's useful life, the building elements’ installations in the building as
well astheir material characteristics have to be considered.

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



96 Design and Nature 111: Comparing Design in Nature with Science and Engineering

3.5.1 Building element installation and deconstruction

As with any form of closed loop materia cycle, being able to recover different
materials separately is essential to enable their composting or recycling.
Demolition is therefore an unsatisfactory end of life disposal approach as it
results in a mixture of different waste types, which are time-consuming and
costly, if not impossible, to separate. Deconstruction, on the other hand, enables
the segregation of waste types. For building that are 100% biodegradable
separating waste would not be necessary, but as becomes evident later, in
mainstream construction 100% biodegradability is unrealistic at the moment.

To facilitate the deconstruction, building elements should be mechanically
fixed, preferably with few fixings; easily accessible; easily handled with minimal
associated health hazards; and able to be deconstructed using simple tools and
with minimal additional information [18, 19].

3.5.2 Building element components

To be suitable for composting, a material recovered from the dismantling of a
building must also be as pure as possible. As discussed in section 3.2 a careful
analysis of the congtituent parts of a predominantly biodegradable material is
necessary to establish whether it isin fact biodegradable. Treatments, as well as
additives, can hamper the biodegrading process by slowing down the process and
creating a non-biodegradable residue, which, as with some timber treatments,
may also be toxic. Treatment may, however, be essentia in improving the
product durability and further development of safe treatments could contribute to
creating more biodegradable buildings.

To maximise biodegradability in practice materials may also need to be
identified as being biodegradable. Awareness of the biodegradability of materials
such as timber is widespread, but knowledge of new plant-based boards and
biodegradable plastics is limited. Furthermore some biodegradable materials
cannot be visually distinguished from their non-biodegradable counterparts. In
this respect, a tagging system, as used in the plastics recycling industry, and a
comprehensive account of the materialsinstalled may prove essential.

4 Theuse of biodegradable materialsin practice

Mainstream construction makes little use of biodegradable materials. The main
mainstream biodegradable material used is timber and even this material may be
rendered non-biodegradable by the way it is installed. The increase in use of
synthetic adhesives to fix skirting or bond floor finishes to a substrate can made
the building element and the substrate non-biodegradable. Yet, there is currently
agood selection of materials that are biodegradable and can be installed in away
to retain this characteristic.

To assess the waste reduction potential of biodegradable buildings, this study
compared the amount of biodegradable and non-biodegradable waste that would
be produced at the end of the life of three different specifications for a typical
three bedroom detached two storey house. The three house plans and their
therma performance are identical. The structure, in view of the government
drive for prefabrication, istimber in al three cases, but other elements vary. The
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material specifications for House 1 and 2 are based on completed projects
studied by the author [20]. House 1 comprised materials typically used by UK
housing developers and is based on the 21st Century homes in Aylesbury by
Briffa Phillips Architects for Hightown Preatorian Housing Association. House 2
is a mainstream advanced design and comprised commercialy available
biodegradable materials keeping in line with current aesthetic expectations and is
based on the Toll House Gardens in the Fairfield estate, Perth, Scotland, by Gaia
Architects for Fairfield Housing Co-operative. House 3 maximises the use of
biodegradable materials choosing where possible but not limiting the choice to
the most commercialy realistic materials. All three house structures were
detailed and the volume and weight of the materials included in the buildings
were measured. Services and fixtures and fittings were not included in the
assessment. The materials compared and used in the model specification are
identified in Table 2. When assessing the biodegradability of the materias
specified the following three issues were considered.
1. Constituent materials of building elements.
2. Finishes and treatments that may compromise biodegradability.
3. Fixing methods that would compromise biodegradability.
The main differencesin the house types include:
1. House 1 has aconcrete ground floor bearing slab, while House 2 and
3 have suspended floors and House 3 includes timber piles.
2. The externa cladding material in House 3 is timber, while House
also has brick and House 2 render elements.
3. The interna finishes in House 1 and 2 are applied (skim finish to
plasterboard), while in House 3 mechanically fixed self-finished

products are used.
Table 1.
measured by weight (kg) measured by volume (m3)

WASTE ARISINGS |Housel |House?2 |House3 |House 1l [House2 [House 3
non-biodegradable 99501| 15076 355 131 10 0.2
92.5%| 50.0% 1.4%| 90.0% 8.4% 0.1%

biodegradable 8111| 15090| 25522 15 107 116
7.5%| 50.0%| 98.6%| 10.0%| 91.6%| 99.9%

TOTAL WASTE 107612 30166| 25877 145 116 117

4.1 Wastereductions achieved

House 1 design resulted in 99.5 tonnes of non-biodegradable waste and 8 tonnes
of biodegradable waste. House 2 design resulted in 85% reduction of non-
biodegradable waste measured by weight and 93% reduction by volume
compared with House 1. The biodegradable waste increased, but the overall
waste was reduced by 72% by weight and 20% by volume. House 3 design
resulted in 99.6% reduction of non-biodegradable waste by weight and 99.9%
reduction by volume compared with House 1. Total waste was reduced by 76%
by weight and 20% by volume. Table 1 and Figures 1 and 2 show the amount
and percentage of biodegradable and non-biodegradable waste for each option.
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Figures1 and 2: Waste arisings by weight and by volume.
Table 2.
Specification comparison for house types 1, 2 and 3 and ©
assessment of biodegradable option §
Key: High= @ Medium=¢ Low=0 = 3 JE o
Used in: House 1= ® House 2=@ House 3=® = 3 8 o g % o
Building Non- Biodegr adable 8 |2 g Bs 2 £
elements biodegradable building material 4 § > B "‘g ‘B g
material options O — of<ol=a®
Foundations Concrete ©©@ timber® q ®) q O
Frame timber®@0® [ J ® o ®
Insulation below | Expanded
ground polystyrene®
Insulation Rockwool © Recycled cellulose (| (] o [
between studs fibre (Warmcell) @®
External polyurethane® Wood fibreinsulation | ¢ q o | O
insulation (Diffutherm) @
Wall panel 0SB @ Hardboard (Paneline q [ NN BN )
lining /Panelvent)@®
Vapour control | PE® / ©®
External Brick® Timber®@®@® o o o [
cladding Render®
Roof finishes Concrete Tiles® Timber® < | o (|
Slates®
Rainwater goods | PVCO Timber ® ©) ®) (| (@)
Meta @
Windows doors Timber® (KA NN
Floor panel Chipboard © Timber @® (| (] o [
lining
Internal wall & | Plasterboard® @ Ply with natural glues | O | @ (| (|
ceiling finishes ®
Floor finishes | Carpet® Timber®® o o [ ] o
Vinyl® Cork® [0 (| o] @
Ceramic tiles @
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4.2 Barriersand opportunitiesto maximising biodegradable materials

The main sources of non-biodegradable waste can be identified by analysing the
amount of non-biodegradable waste resulting from House 2 option, designed to
maximise biodegradable waste with a design suitable for mainstream
construction. As shown in Figure 4, non-biodegradable waste from foundations
and the ground floor makes up 19% of the total waste. This can be accounted for
by the use of concrete in the foundations and represents the biggest barrier to
creating mainstream biodegradable houses. House 3 makes use of timber
foundations, but this approach, due to the limited durability of timber
foundations, is inappropriate for mainstream construction. A potential
environmental improvement would be to use prefabricated concrete foundations
that can be reused and recycled.

A second significant source of non-biodegradable waste is plasterboard,
accounted for in the construction of the walls and roof. House 3 replaces
plasterboard with ply bonded with natural glue, other biodegradable finishes
would include timber boarding or cork, but none of these at the moment are
acceptable by the general public, who expects smooth plastered walls. The
performance of all the aternativesis equivalent to that of plasterboard and itisa
perception barrier that prevents any deviation from the use of plastered finishes.

NON-BIODEGRADABLE WASTE AS PERCENTAGE

WASTE ARISINGS BY WEIGHT HOUSE 2 OF TOTAL WASTE ARISINGS BY WEIGHT
16000 20%
W secondary
%
14000 4 elements 18%
" 16%
w 12000 Ofloors
% 14%
< 10000 | 4
% g 12%
(e} Broof =
2 8000 & 10%
]
Z x
E 6000 | wo 8%
I Owalls o
] 6%
§ 4000 +
4%
W foundation
2000 sand grd 2% A
fl.
o 0%
non- biodegradable foundations walls roof floors secondary
biodegradable and grd fl. elements
Figures 3 and 4: House 2 waste analysis.

In House 1 the potential for biodegrading the timber structure, which is
generaly very easily dismantled and can be biodegraded, was reduced in
comparison to House 2 by the use of adhesive fixings for floor finishes and
skirting.

Two small but difficult to overcome sources of non-biodegradable waste
identified are glass and metal fixings. In House 3 this represented a very small
amount of waste: 1.4% by weight and less that 1% by volume. Both materials are
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however recyclable. Other similarly difficult products not covered by this study
include electrical wiring, second fix electrical goods (e.g. socket outlets,
switches), water supply and disposal, which are now generally made of non-
biodegradable plastics. Here too metal alternatives exist. It is perhaps to replace
these types of products that research into biodegradable plastics would be
worthwhile.

5 Disposal of biodegradable materials

To realise the waste minimisation advantages of using biodegradable materials a
number of issues have to be addressed. These include technical aspects of
building design and materials specification, as discussed in section 3.5; the
facilities for and infrastructure associated with waste composting; and the
economic barriers and incentives for environmentally friendly waste disposal
options.

5.1 Facilitiesand infrastructurefor waste composting

Currently composting at a municipa level treats mainly plant waste. Even the
composting of domestic waste can be seen as problematic due to potential
contaminants. A 1992 review of waste management options identified the
potential for composting but also a distinct lack of facilities[21]. A 2003 review
highlighted a lack of progressin this field [22] and for composting to be applied
on a large scale to be able to deal with building waste a fundamental change in
the government’ s approach to waste disposal would be necessary.

5.2 Economic barriersand incentivesfor environmentally friendly waste
disposal options.

In addition to adequate facilities the economics of composting needs to be
convincing. In their 2001 report on the Landfill Tax, Resource productivity,
waste minimisation and the landfill tax, the ACBE concludes that while the
Landfill Tax has had some success at increasing the amount of inert waste
recycled on site, it has had little success at reducing waste taxed at standard rates
and increasing recycling. The report recommends an increase of the tax in line
with other European countries, which benefit from far higher recycling
rates [23].

While in the UK waste minimisation within the construction industry can
prove cost-effective. A comprehensive approach to waste minimisation that
includes reduced disposal costs of segregated waste as well as reduced costs
associated with new material purchase, delivery and handling can save the house
building industry as much as £1400 per house unit [24]. But when it comes to
selecting a disposal method, composting is the most expensive, with the
combined collection & gate cost per tonne of £42-£103 comparing poorly with
landfill (E19-£29), incineration (£30-£40), paper and board recycling (£19-£25),
plastics recycling (£2 £5), not to mention recycling of aluminium where a tome
of waste isworth £411- £338 [25].

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



Design and Nature |11: Comparing Design in Nature with Science and Engineering 101

6 Conclusion

Numerous barriers exist to creating a building industry that makes use of
biodegradable materials and composting as a means of reducing the end of life
building waste. Nonetheless, the study identified potential for significant
reductions in non-biodegradable waste through the use of biodegradable
materials. It also concludes that constructing a virtualy 100% biodegradable
building is technically possible and implementing such technologies into
mainstream construction isto some extent feasible.

To bring biodegradabl e buildings into mainstream construction more research
is required in material sciences to bring down costs and reassure buyers of the
materials performance. Also an attitude change is needed. Currently there is a
perception barrier: natural materials are sometimes associated with old fashion
and backwards. But as the culture that views humans as stewards of the
environment spreads and is reinforced by the trends of downshifting, back to
nature and even slow food, peopl€e’ s perception will change in favour of natural
materials making biodegradable mainstream building possible.

It is worth noting that natural biodegradable materials are also associated
with other benefits such as creating healthy living environment and providing a
low embodied energy structure with a low overall ecological footprint.
Biodegradable plant-based materials can also prove cost-effective and
particularly in developing countries have the potential to make a significant
contribution towards providing low cost housing.

Perhaps a redlistic approach to achieve the overal aim to bring closed
material cycle building into mainstream construction is to use a combination of
both recyclable and biodegradable materials.
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Abstract

Self-repairing processes in plants sealing fissures caused by natural growth
processes (e.g. in the vine Aristolochia macrophylla) or by artificial injuries (e.g.
in the common bean Phaseolus wvulgaris) serve as concept generators for the
development of a biomimetic coating for membranes of pneumatic structures
based on the Tensairity® concept. First results with foam-based biomimetic self-
repairing coatings for technical membranes are very promising. For lesions with
nails of up to 5mm diameter, reductions of the air-leakage of two to three orders
of magnitude could be achieved.

Keywords: self-healing, vines, biomimetics, self-repairing membranes,
pneumatic structures, Tensairity®.

1 Introduction

Over the last two decades, plants have proved to be a rea treasure trove as
models for the construction of biomimetic technical structures and materias
[1, 2]. One example are self-healing processes which are very common in nature.
Self-repair is still uncommon in technical products but especialy over the last
few years some interesting solutions for special applications have been presented
[3-7]. Plants have evolved an amazing capacity to seal and mend internal
fissures caused by growth processes and wounds effected by artificial external
injuries. For analytically describing the (fast) self-repair characteristics of the
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parenchyma, vine (e.g. Aristolochia) and herbaceous plants (e.g. Phaseolus,
Ricinus) are used as model organisms. These plants react to fissures and ruptures
in their periphera tissues by a rapid repair mechanism, which seals the lesion
very effectively and secures the functional integrity of the plant stem.

2 Biological templates

Vines of the genus Aristolochia proved to be especially suitable models for
quantitatively studying self-repair processes caused by internal secondary growth
as they exhibit very efficient rapid repair mechanisms in their stems. The
Dutchman’s Pipe (Aristolochia macropyhlla) was chosen as model species as
stem mechanics and functional anatomy of this species were extensively
examined during the last years [8]. In young, one year old stem parts, this plant
possesses a closed ring of sclerenchymafibresin the stem periphery, fig. 1A.

Sclerenchyma :
™. Fissure

Cortex

Xylem
A B

Figure 1: Cross-sections of stems of the vine Aristolochia macrophylla.
(A) Tissue distribution in a one year old stem with closed
peripheral ring of lignified strengthening tissue (sclerenchyma
fibres). (B) As a conseguence of secondary growth a two year old
stem shows an increase in the amount of vascular tissues
(especially of xylem) and a segmentation of the periphera
sclerenchymatous ring.

This tissue causes the high bending stiffness found in young Aristolochia
stems. When the stems become ol der, secondary growth processes occur, and the
vascular tissues - phloem and especially xylem (wood) both located inside of the
sclerenchymatous ring - significantly increase in size. Secondary growth of the
vascular tissues causes radial stresses and strains in the soft parenchymatous
tissues located between the vascular tissues and the sclerenchymatous ring and
tangential stresses and strains in the sclerenchymatous ring. When the stresses
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and strain more and more increase due to continuous secondary growth, the
sclerenchymatous ring finally ruptures and splits into segments, fig. 1B. The
fissures typically run through the middle lamellas of neighbouring sclerenchyma
cells [9]. A. macrophylla seals these lesions very effectively by a rapid repair
mechanism and secures the functional integrity of the plant structure.

The repair process can be subdivided in at least four phases. The first phase
(on which we concentrate in our biomimetic approach) is based on fast strain-
triggered deformation processes of pressurized parenchyma cells that swell into
the fissure and seal it, fig. 2A. We hypothesize, that this first phase of fissure
repair is mainly caused by viscodastic-plastic deformation of the internally
pressurised (turgescent) parenchyma cells. In how far cell wall mechanicsin a
second phase of fissure repair are changed due to a process of hydroxyl-radical
induced cell wall loosening (‘plastification’), recently described for growing
cells[10, 11], is subject of ongoing projects. In the third phase of repair when the
fissure extends deeply into the sclerenchymatous ring, the repairing cells start to
divide mainly tangentially. Later in this phase the fissure runs through the
sclerenchyma ring, and the repairing cells show significant radial and tangential
cell division, fig. 2B. In some fissures the repairing cells may remain entirely
parenchymatous. In other fissures a fourth phase can be discerned in which the
walls of the most peripheral sealing cells increase in thickness and start to
lignify, fig. 2C. Through this the mechanical function of the sclerenchyma ring
can be — at least — temporarily restored.

Figure 2: Fissure repair in the vine Aristolochia macrophylla. (A) An
adjacent parenchyma cell expands into a small fissure in the
sclerenchymatous ring (phase 1), see arrow. (B) A broad fissure in
the scleremchymaring is sealed by parenchymatous repairing cells
having the typical irregular shape (phase Il1). (C) The walls of
peripheral repair cells are thickened and lignified (phase V).

Cell shape and cell wall thickness differ remarkably between ‘normal’
parenchyma cells of the cortex and parenchymatous repairing cells sealing
fissures in the sclerenchyma ring. ‘Normal’ parenchyma cells are round/elliptical
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in cross-section, whereas repairing cells typically posses an irregularly shaped
cross-section, alowing a tight sealing of the fissure. Additionally, during the
initial phases of fissure repair the cell walls of sealing parenchyma cells become
significantly thinner, fig. 2A-B. As a measure of cell shape the ratio of perimeter
to cross-sectional area (P/A) was used. For the initial phases of fissure repair
preliminary analyses indicate an increase of P/A by a factor of 1.4 from
161 + 39 mm™ for ‘normal’ parenchyma cells to 229 + 130 mm™ for fissure-
sealing cells. At the same time cell wall thickness decreases by a factor of 1.4
from 1.18 + 0.22 um for ‘normal’ parenchyma cellsto 0.87 + 0.37 um for fissure
sealing cells. The most parsimonious explanation is that the cross-sectional area
(and the volume) of individual cells remains constant (i.e. no cell wall
biosynthesis takes place) when the cells change in shape in the first phase of
fissure repair. In this case both factors are expected to be nearly identical, since
the existing cell wall material is merely rearranged. For a more detailed
discussion of this phenomenon we refer to Speck et al. [9]. We suggest that the
initial phases of fissure repair take place without cell division and (significant)
cell wall biosynthesis, but involve mainly physical-chemical reactions of the
parenchyma cells to a perturbation of the local stress-strain-field caused by the
lesion. Thisresult is encouraging for atransfer of this fast repair mechanism into
biomimetic solutions for technical applications.

Similar processes as described in Aristolochia macrophylla for fissures
caused by growth processes are found in the hypocotyls of herbaceous plants
(e.g. Phaseolus, Ricinus, Helianthus) during the (fast) self-repair taking place as
areaction to wounds effected by artificial external injuries, fig. 3.

Figure 3: Fissure repair after an artificial external injury in Common Bean
(Phaseolus vulgaris). (A) Early phase of self-repair, parenchyma
cells expand into the artificial injury. (B) Late phase of self-repair,
the lesion is entirely sealed by a callus of newly formed thickened
(often lignified) repair tissue.

3 Technical applications

In cooperation with the Swiss company prospective concepts ag, biomimetically
inspired self-repair functions are transferred into technical membranes of ultra-
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light pressurized beams based on the Tensairity® concept. This technology
represents a combination of cylindrical membranes filled with compressed air
under moderate overpressure and supporting struts and cables, fig. 4. This
technology yields ultra-light deployable structures as strong as steel [12-15].

Figure4:  (A) Tensairity® demonstration bridge with 8 m span and 3.5 tons
maximal load. (B) Components of the Tensairity® demonstration
bridge showing the non-inflated cylindrical membrane

compressed air

active layer of
RIS \\ pressurized foam
membrane

hole in the membrane
causing air leakage

sealing of the hole
due to expansion of
the active layer

hole sealed and air
leakage stopped

Figure 5: Functional model for a self-repairing technical membrane.

One shortcoming of al pneumatic structures is the vulnerability of the
membrane to tearing and puncturing which cause a drop in the internal pressure
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and a subsequent reduction of the load-carrying capacity of the beams.
Tensairity® technology is much less jeopardised by holes than other (high
pressure) pneumatic structures as the air beam mainly acts as distance piece to
prevent the buckling of compression elements. The main load bearing elements
are the cables and compression struts. Tensairity® technology works with
moderate overpressure in the range of 50 to 500 mbar and compressors or fans
are used to adjust the internal pressure to variable environmental conditions.
Because of the moderate overpressure, the compressors or fans can also cope
with air leakage due to small holes. Nevertheless a self-repairing function will
significantly improve the market prospects of this new technology.

In order to transfer ideas based on the first phase of fast self-repair in plants
into a biomimetic ‘self-healing’ membrane for Tensairity® beams a functional
model was developed, fig. 5. The basic ideais to develop a ‘foamy’ layer made
of a pressurized cellular technical material that biomimicks the self-repair
mechanism in plants. This biomimetic material is used as an inner coating of the
membrane and if the membrane is punctured, the foamy repair layer seals the
hole as the foam cells — like the parenchyma cells in the biologica template —
expand into the hole due to their internal pressure and to surface tension effects
occurring in the prestrained foam. In a first approach polyurethane-foam was
used for the biomimetic coating of the self-repairing membrane.

Figure 6: (A) Experimental set-up for testing the self-repair quality of coated
membranes. (B) Puncturing of a coated membrane with a nail of
5 mm diameter.
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Figure7:  Graphs showing the duration of pressure drop from 1000 mbar to
100 mbar for membranes punctured with anail of 2.6 mm diameter.
(A) Uncoated membrane; mean duration of pressure drop: 130
seconds. (B) Membrane coated with a biomimetic foam
polymerised under ambient pressure; air-leakage reduced by about
one order of magnitude. (C) Membrane coated with a biomimetic
foam polymerised under overpressure; air-leakage reduced by three
orders of magnitude.
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In order to test the self-repair quality of different biomimetic coatings an
experimental set-up was developed that allows to measuring how long a defined
pressure drop takes for specific types of lesions in uncoated and coated
membranes. The ratio of duration in a coated membrane over duration in an
uncoated membrane was defined as repair factor. As higher the repair factor is as
better the self-repair function of a given coating is. The experimental set-up
consists of a pressure cylinder in which membranes with and without coating can
be clamped, fig. 6.

The overpressure is maintained by means of a supercharger. The set-up is
computer controlled as well as to the execution of the tests as to data storage. We
have chosen atest protocol in which the cylinder is pressurized up to 1000 mbar
and the time is measured until the pressure is dropped down to 100 mbar. When
the upper pressure limit is reached the control programme automatically switches
off the supercharger, when the lower limit is reached the supercharger is
switched on. This allows consecutive measurements of the duration of the
predefined pressure drop for a given type of lesion and membrane coating.

Pilot studies with self-repairing foam-based biomimetic membrane coatings
have produced highly promising results. These biomimetic coatings are able to
reduce significantly the air-leakage of the pneumatic structure after puncturing of
the membrane by nails of up to 5 mm diameter. With biomimetic coatings based
on polyurethane foam polymerised under ambient pressure air-leakage can be
reduced by about one order of magnitude, i.e. repair factors of 10 are found.
With biomimetic foam based coatings polymerised under overpressure air-
leakage can be reduced by two to three orders of magnitude, fig. 7.

Technical applications of self-repairing processes inspired by biological
templates are obviously not limited to the application to Tensairity® structures or
other pneumatic structures but can be realised with other types of biomimetic
self-repairing materials for many applications in industry, clothing and medical
technology.
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Functional information and entropy in
living systems

A. C. Mclntosh
Energy and Resources Research Institute, University of Leeds, Leeds, UK

Abstract

In any living system one quickly becomes aware of the extraordinary complexity
that so organises the chemical proteins at the biochemical level as to effectively
build digital machinery which for many years, since the discovery by Crick and
Watson of DNA, has been the goal of modern software engineers to emulate.
The functional complexity of these systems is clearly heavily dependent on the
material environment in which such a system is operating and indeed uses all the
same chemical and physical laws that are used to such good effect by any man
made machines. What though are the laws that such organisation must inherently
obey for natural systems? Can one quantify the organisational structure that sits
on top of the matter and energy in any real system?

In this paper, the author will consider the fundamental aspects of entropy and
the second law of thermodynamics applied first of al in the traditional
definitions used in heat and chemical systems. Then analogous representations of
‘logical entropy’ will be discussed where for a number of years many scientists
(such as Prigogine) have been attempting to simulate in a rational way the idea
of functional complexity. Prigogine' swork has primarily been seeking to express
self organisation in terms of non-equilibrium thermodynamics and the term
‘Prigogine entropy’ has thus been introduced. Allied closely to thisis the concept
of the definition of information which must go beyond the simple recipe of
Shannon’'s Theory, that essentialy only deals with the transmission of existing
data. The main issue at stake in any discussions of functional complexity is
arriving at alogica approach to describing the possible states of the system, and
secondly to establishing a valid proportionality constant that is analogous to the
Boltzmann constant of traditional thermodynamics. In this paper we discuss how
the laws of thermodynamics can be understood in terms of the possible
information content of molecules. We build on the concept of information
transfer and the notion of ‘logical entropy’, to considering the application of the
laws of thermodynamics to non-equilibrium chemistry. This then concerns the
basic definition of how information is defined and connected to the fundamental
laws of thermodynamics. Although the paper may raise more questions than
answers, the aim will be to at least move further towards a rigorous scientific
treatment of the whole concept of organisation and system structure by seeking
paralel (logical) laws of complexity in system states to the well known laws of
thermodynamics.
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1 Introduction

The defining of information is a key issue in the origins debate, since terms such
as ‘advance and ‘simple to complex’ have little direct meaning at the
biochemical level. Intuitive reasoning presupposes the worldview of such
statements, and the discussions on origins are fundamentally to do with
worldviews. Consequently the biochemical arguments are always going to be a
vital battleground because of the root issues at stake.

Claude Shannon in 1948 [3] introduced the basis for the definition of the unit
of information content. He argued that any logical process can be reduced to a
series of either/or decisions (called in mathematics Booleian Algebra). Each
decision can be represented by a 1 or O, represented in computer hardware terms
by whether a microcircuit is‘on’ or ‘off’ respectively. This unit is termed a ‘bit’
of information, and as complication increases it is more convenient to use the
unit of a byte (8 bits). Thus any system and its information content can now be
quantified in terms of this unit of information. Dawkins referring to the Shannon
concepts in an essay entitled ‘The Information Challenge’ [4] made the
following statement which is quoted in full, since it lies right at the heart of the
thesis held by most evolutionary biologists that information increase is possible
by natural selection operating on successive mutations :

“Let me turn, finally to another way of looking at whether the information
content of genomes increases evolution. We now switch from the broad
sweep of evolutionary history to the minutiae of natural selection. Natural
selection itself, when you think about it, is a narrowing down from a wide
initial field of possible alternatives, to the narrower field of the alternatives
actually chosen. Random genetic error (mutation), sexual recombination and
migratory mixing al provide a wide field of genetic variation: the available
aternatives. Mutation is not an increase in true information content, rather
the reverse, for mutation in the Shannon analogy, contributes to increasing
the prior uncertainty. But now we come to natural selection, which reduces
the ‘prior uncertainty’ and therefore, in Shannon's sense, contributes
information to the gene pool. In every generation, natural selection removes
the less successful genes from the gene pool, so the remaining gene pool isa
narrower subset. The narrowing is non-random, in the direction of
improvement, where improvement is defined, in the Darwinian way, as
improvement in fitness to survive and reproduce. Of course the total range
of variation is topped up again in every generation by new mutation and
other kinds of variation. But it still remains true that natural selection is a
narrowing down from an initially wider field of possibilities, including
unsuccessful ones, to a narrower field of successful ones. This is analogous
to the definition of information with which we began: information is what
enables the narrowing down from prior uncertainty (the initial range of
possibilities) to later certainty (the ‘successful’ choice among prior
probabilities). According to this analogy, natural selection is by definition a
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process whereby information is fed into the gene pool of the next
generation.”

Main strand ATGATTGACATTGAGGATCCAT
I T A A A O A O I I
Fr1rrirrrirrrirrernrnruorverirnrnrinel

Complementary strand TACTAACTGTAACTCCTAGGTA

Figure 1. Sample genetic code with complementary strands.

This important paragraph shows the dilemma that faces an approach which
only considers matter and energy without information (the ‘bottom up’
approach). There is an admission of the need for new information to counter the
narrowing effect of natural selection as usually defined. This definition is simply
that natural selection is the favourable advantage of random mutations in one
generation making that alteration more likely to survive and be thus more
prolific in the next generation. The narrowing effect is that the number of options
to choose from is reduced since once the selection is made, the original gene
pool is reduced. The answer suggested here is to alter the definition of natural
selection (see last sentence of quote) and to further propose the topping up of the
gene pool by the very mutations themselves. The formidable obstacles to this
proposition lie on a macroscopic level in the very nature of DNA (see fig. 1)
which has been shown to have the immense capability of in situ repair work. For
exampl e there are enzymes which are specifically assigned to nucleotide excision
repair — they recognise wrongly paired bases in the DNA nucleotides (Adenine
(A), Thymine (T), Cytosine (C) and Guanine (G)) connecting the two
deoxyribose sugar-phosphate strands. This means that mutations are generally
corrected (see for example the papers by Jackson [5] and de Laat et a [6]), sO
that even if speciation does occur due to slight modifications and adaptations of
the phylogeny, any serious departures in the genetic information would be acted
against by the DNA’s own repair factory. Mutations do not increase information
content — rather the reverse is true. The flightless Galapagos Cormorant is a
classic example. Evidently repair by the above techniques was not possible, and
the genetic defect has persisted, such that information has certainly been logt,
and the gene pool (in that case irrevocably) reduced. At the very least Dawkins
assertion at the end is misleading, for it suggests there is a natural source of new
information which experimental observation denies. Natural selection cannot be
redefined and is not the handmaid of macro evolution.

However there is a more fundamental issue. At the molecular level, the laws
of thermodynamics do not permit step changes in the biochemical machinery set
up for a particular function performed by the cells of living organisms. That is
any random mutations always have the effect of increasing the disorder (or what
we will shortly define as logical entropy) of any particular system, and
consequently decreasing the information content. What is evident is that the
initial information content rather than being small must in fact be large, and isin
fact vital for any process to work to begin with. The issue of functiona
complexity and information is considered exhaustively by Meyer [7] who argues
that the neo-Darwinist model cannot explain all the appearances of design in
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biology. Even within the neo-Darwinist camp the evidence of convergence
(similarity) in the suggested evolutionary development of disparate phylogeny
has caused some writers [8] to consider ‘channelling’ of evolution. Such thinking
is a tacit admission of a teleologica influence. That information does not
increase by random changes (contrary to Dawkins' assertion) is evident when we
consider in the following section, the logical entropy of abiochemical system.

2 Thesecond law of thermodynamics

A succinct statement of the second law is “The amount of energy available for
useful work in a given system is decreasing. The entropy (dissipated useful
energy per degree Kelvin) isalways increasing.”

Examples of this principle abound. Heat aways flows from hot to cold. In the
process it can be made to do work but always some energy will be lost to the
environment, and that energy cannot be retrieved. Water flows downhill and
loses potential energy which is changed into kinetic energy. This can again be
made to do work (asin a hydroelectric power plant). However some energy will
be lost such that if one was to use all the energy generated to pump the same
water back up to its source, it would not reach the same level. The difference of
original potential energy to that corresponding to the new level, divided by the
temperature (which in that case is virtually constant) is the entropy of the system.
Such ameasure will always give an entropy gain.

There is no known system where this law does not apply. The fact that the
entropy of a given closed system increases, effectively brings with it an
inevitable decline in usefulness of all systems. The phrase ‘arrow of time' is
often used to describe this since the second law brings in the concept of non-
reversibility of all real systems.

2.1 Thesecond law and open systems

In that the second law of inevitable entropy increase applies to a closed system,
some have maintained that with an open system one could have entropy
decreasing in one area while the overall entropy of the two systems together
(closed) is increasing. An illustration would be of two ice boxes A and B (see
fig. 2) where there is an allowance for small contact between them but with
(perfect) insulation round the rest of the cube A and poor insulation round cube
B. Systems A and B are both then open systems, as is the system A and B
together (referred to as A+B), but system A and B with the surrounding region 1,
(that is the complete system) is closed. The entropy of the overall complete
system then must increase with time. That is there will eventually be equilibrium
throughout every region. Suppose we start with Temperature T, appreciably
hotter than T, and Tg. Thus for instance we could have T, = 100°C and T, and
Tg both at -10°C. Initially as time progresses the original equal temperatures Ta
and Tg become different. T, will stay close to the original -10°C, but Tg will
begin to move to a higher value (say +5°C) due to there being good conduction
of heat into ice box B (as against the insulated ice box A). Now consider system
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A and B together (A+B). One now has an open system with decreasing entropy,
in that useable energy transfer between the two ice boxes is possible, and work
can be achieved where before in that system, treated in isolation, none was
possible. However one notes two things. First that this is possible only for a
finite time — eventually the temperature difference will reach a maximum (when
Tg gets close to T;) and at this point system A+B will have a minimum entropy
condition. After this system A+B will then experience arising entropy condition.
Notice also that the initial conditions (different insulation levels) are important
for it to be possible to achieve a low entropy condition local to system A+B.
Effectively one has an elementary ‘machine’ which is making use of the non-
homogeneous temperature across the complete system. This demonstrates the
reality of how the second law applies in open systems, and that extra energy
from outside is no use unless there is a machine (i.e. teleonomy / information)
available.

Temperature T,

A
:: Temperature T,

B
Temperature Ty

Figure 2: Open system A and B.
2.2 Thermodynamic entropy and logical entropy

A connection can also be made between entropy and disorganisation or disorder.
The first to formalise this use of the concept of entropy was the Austrian
physicist Ludwig Boltzmann.

Klyce [9] in a useful article, introduces the concept of logical entropy as
follows. As the laws of thermodynamics were investigated in the latter part of
the nineteenth century, it was evident that the second law implied there was a
preferred direction in time even at the molecular level, which seemed to
contradict the growing physical understanding of the laws of physics applied to
molecular collisions, which indicated here there was no preferred direction in
time — an elastic collision between molecules would look the same going
forward or backward. In the 1880s and 1890s, Boltzmann used molecules of gas
as a model, along with the laws of probability, to show that there was no real
conflict. The model showed that heat, no matter how it was introduced, would
soon become evenly diffused throughout the gas, as the second law required.

The cleverness of Boltzmann's ideas however was that the model could also
be used to show that two different kinds of gases would become thoroughly
mixed even though the temperature of each gas may in fact be the same. Thus an
analogy is really being made between the diffusion of heat and the diffusion of
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two gases. The parallel between disorganisation and diffusion across basic

distinct states was thus made. Quoting Klyce [9]
“The reasoning used for mixing is very similar to that for the diffusion of
heat, but there is an important difference. In the diffusion of heat, the
entropy increase can be measured with the ratio of physical units, joules per
degree. In the mixing of two kinds of gases already at the same temperature,
if no heat is exchanged, the ratio of joules per degree — thermodynamic
entropy — is irrelevant. The mixing process is related to the diffusion of
heat only by analogy. Nevertheless, Boltzmann used a factor, now called
Boltzmann's constant, to attach physical units to the latter situation. Now the
word entropy has come to be applied to the mechanical mixing process, too.
(Of course, Boltzmann's constant has a legitimate use — it relates the
average kinetic energy of amolecule to its temperature.) ”

To gain understanding of this type of model of logical entropy we illustrate by

following the example of the entropy of a gas using the Boltzmann approach.

2.3 Entropy of agas—an example of ordered states

The entropy of agasisgiven by
K 1
S=-w Z fnf, )
wherei : tabulatesthe statei Thisis usually a speed. Thusi = 10 could represent
the state of molecules moving in the x - direction at say speed 10 m s™. There can
be negative i's as well. W is the molecular weight (kg mol™) and k is
Boltzmann's constant (k = 1.3805 x 102 J mol™K™), so that the entropy is in
specific terms (energy per unit mass per degree, Jkg* K™)
fi is the fraction of the parts (i.e. of the molecules) which are in statei - i.e.
moving at a certain speed. The sum X will add the terms fiInf; for al the parts
(speeds). The f; ’s are fractions between 0 and 1, so that the log function (In =
loge) Will be negative and Swill thus be positive.

Fraction f;

N

Velocity i

Figure 3: A particular non-equilibrium state (normally distributed).

Suppose al the molecules are moving at 10 m s*, then all of the parts of the
system would be in state i = 10, so f;o would be 1 with the rest of the f; s at zero.
Now for f; = 0 or 1, then f; Inf, = 0. For a particular state of non-equilibrium, there
isroughly anormal distribution of possible states with a mode near one state (see
fig. 3) so that with the maximum f; being less than unity, the loge of all thef'sis
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negative, and therefore 2 f; In f; is negative, so that s is positive. The more
narrow the mode of fig. 3 (i.e. the more ordered the state), the smaller s becomes,
so that in the limit of a zero thickness to the curve (meaning all the molecules are
at asingle speed i ) the limiting value of s is zero. This shows that entropy is
small in ordered states which are near equilibrium.

3 Combined entropy changes?

Prigogine [10] and others have proposed the addition of other entropies which
could feed negative entropy into a given (open system). Consequently the total
entropy is considered to be

ds=ds; + dSgey 2

where ds is the total change in entropy, ds; is the change in thermodynamic
entropy and dsggica iS the change in entropy due to complexity — that is
Prigogine or logical entropy. The thermodynamic entropy ds; for a gas would be
described by the Boltzmann law of egn. (1), and for other types of energy
exchange there will be an appropriate way of describing the interna energy,
whether it be for electromagnetic, thermal, kinetic etc. While ds; tends to
increase, the term dsggca Can increase or decrease or remain zero (it is
considered positive if entropy enters the system and negative if entropy leaves
the system). The important implication of the additional logical entropy term is
that then the total entropy change of any open system, ds, can be considered
positive, negative, or zero. Systems for which ds<0 (that is where entropy is
decreasing) are said to be self-organizing (Cambel [11]), though this term needs
care since the organising is only reflecting an ordering principle already present.

A good example of dsi.gica Would be the order inherent in crystals due to the
atomic structure of a particular chemical compound. When such a compound is
cooled to produce crystals, it is not the cooling itself which causes the crystalsto
occur, but the response to the precise molecular bonding within the material
itself, and which is a definite function of the state variables. Often thisis falsely
used as an argument for increase in order (and thus an argument for increase in
order) when in fact the ordering principle is latently already in the elements
involved.

The al important question that many have addressed is how to quantify
dsogica for rea systems, particularly in the life sciences. It has been suggested
with some cogency that, on the basis of Shannon's theory of information
transmission®, one can express dsqgica 8s an equivaent to the Boltzmann law of
egn. (1). This follows since Shannon's theory is based simply on parcelling any
information into a series of irreducible packets such that at the fundamental
level, a digital switch is either ‘on’ or ‘off’. Each of these represents a state
(rather like the discussion of molecule states in Boltzmann's theory in
section 2.3) and adding up al the probabilities of whether each state is present,
gives

N
ASipgica == Lz p,Inp, ©)
i1
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where L isa constant whose value is of course one of the mgjor difficulties, since
the number of possible states of any open system is not known (particularly as
guantum states may also need to be invoked). Setting this at unity is often the
assumption in recent studies [12, 13], but when dealing with arrangements of
biological systems (such as the arrangement of DNA and the nucleotides,
enzymes, ATP etc) the definition of what to include as a system state is moot.
Thus Peter Coveney and Roger Highfield were being brutally honest when they
stated in their classic book “The Arrow of Time” that [14]
“There is, however, nothing to tell us how fine the [parcelling] should be.
Entropies calculated in this way depend on the size-scale decided upon, in
direct contradiction with thermodynamics in which entropy changes are
fully objective’
There is another major difficulty which concerns the definition of information.
Gitt [15] has shown that the Shannon information concept is not really the main
contributor, since this carries no concept of function [7] and purpose (termed
‘apobetics’ in Gitt's work) which is essential to any real information exchange in
any working system. Conseguently to define complexity as a gradual seepage in
of ‘negative entropy’ is predicated on the notion that information can gradually
increase from a random state. However in reality information is not defined in
the coded sequence itself (such as the DNA nucleotide sequence of fig. 1) but
rather (Gitt has shown) as five levels of signal statistics: (the Shannon level),
code (syntax), expression (i.e. message at the semantic level), expected action
(pragmatics) and intended result (apobetics). To summarise just two of these
levels succinctly, the code used is not defined by the material it orders, and the
expression (message) is not defined by the code it uses. Gitt argues that
information has to be thought of as a third fundamental quantity which cannot be
defined in terms of matter and energy.

4 A new approach: entropy constrained by functional
infor mation

We propose a different treatment which quantifies the effect of functiona
information in a system. This approach recognises Gitt's important deductions
concerning rea information systems being impossible to define in terms of
matter and energy alone. However one can recognise the effect of machines /
information systems (that is teleonomy) being present in exactly the same way as
adigitally controlled machine (i.e. acomputer) is operated by software. The high
level program controls a set of electronic switches on a micro chip which are set
in a certain predefined pattern. Thus the logical entropy dSggica (the switching of
the micro chip in the analogy) rather than being the source of the information
should be thought of as the effect of information carrying systems. For a pure
materialist there may be a natura reticence to adopting such an approach, but the
evidence of the thermodynamics of living systems supports this.
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4.1 Gibbsfreeenergy

An illustration of how an information bearing system relates to thermodynamic
entropy is demonstrated by the code carrying DNA polymer (see fig. 1). Asis
well known, DNA is a double helix. The outer edges are formed of alternating
ribose sugar molecules and phosphate groups. The two strands go in opposite
directions either side of the nitrogenous bases which are like the inside rungs of a
ladder. Adenine (A) on one side pairs with thymine (T), and on the other by
hydrogen bonding, and cytosine (C) pairs with guanine (G). It has been noted
that the C-G pair has three hydrogen bonds while the A-T pair has only two,
which keeps them from pairing incorrectly. But this only dictates side-to-side
pairing, but says nothing about the order along the molecule which is of course
the all important digital information. There is no physical / chemical law which
of itself stops other bonds forming which are not recognised in the DNA code,
such as A-G or T-C though in terms of efficient use of space, the base pair A-T
isidentica in size to G-C which makes stacking very regular and precise. The
point here is that it is the information contained in the DNA itself which causes
particular bonds to be made, not the chemistry itself. Furthermore if one takes a
solution of adenosine monophosphate (AMP) and a solution of thymidine
monophsphate (TMP), and mix them together, they will not form base pairs A-T
in solution because the bases will H-bond with water molecules. So this
illustrates that for the information to exist at al in the system, there needs to be
the correct thermodynamic energy relationships existing at the fundamental
level, constrained by low levels of logical entropy (from high level information).

This is best discussed in the context of the Gibbs free energy g which
effectively takes away the unusable lost energy (associated with entropy) from
the enthalpy h (which can be regarded as the total thermodynamic energy
available). Thus

g=h-Ts , (4

It can be shown that for a chemica reaction, the change between the initial
reactants to products is related to the change in the Gibbs free energy through

Ag = _%H«]K , e K =—eXp(—WAg/RT) (5a'b)

where K is the reaction rate constant. Assuming that the reaction itself proceeds
at constant temperature, then from equation (4) one can also state that

Ag=Ah-TAs , (6)
and referring to base states (superscript 0 ) we have from equations (5a) and (6)
0 0
Ink = WAL | WAS (7)
RT R

From egn. (5b), for a reactant F going to product P, the probability p of any one
stateis given by

K _ _exp(-WAg/RT) ®)
1+K 1+ exp(—WAg/RT)
The equilibrium constant K governs the progress of the chemical reaction to
completion. The K will be large where reactions have a maximum value of As’

p:
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and a minimum value of Ah°. Natural systems will tend to configurations where
the entropy A< is greatest and the heat content AhC is lowest. And we note that
the lowest heat content configurations are generally associated with molecular
configurations in which the atoms are bound most securely to one another. All
chemical reactions without external influences will minimize g. Furthermore any
natural process occurs spontaneously if and only if the associated change in
Gibbs free energy g for the system is negative (Ag < 0). Likewise, a system
reaches equilibrium when the associated change in g for the system is zero (Ag =
0 — and note that the probability p is then %), and no spontaneous process will
occur if the change in g is positive (Ag > 0). It is the information within the
structure which enables a non-equilibrium chemistry to be maintained, such that
low logical entropy (ASiegica) IS added to the fundamental molecular structure.
Another very clear example is the famous Urey-Miller experiment which
produced left handed and right handed chirality amino acids by firing sparks
across a reducing mixture of methane, ammonia, water and hydrogen. The
mixture was racemic in left handed and right handed chirality whereas in life
systems one requires only left handed amino acids. The probability of any one
state is in fact ¥z since there is equilibrium between the two possible end states.
Only by driving the net Gibbs free energy between the two end states to an
impossible infinite value (that is impossible without an information-rich
machine) could one get an entirely left handed system which iswhat life systems
actually do have. However if we consider the information in the system as being
the source and the logical entropy as being the effect, then there is a logical
coherency in the argument. (In this case from egn. (6), Ag is large and positive
precisely because ASggica 1S large and negative).

Consequently to suggest that reactions on their own can be moved against the
free energy principle is not true, since they could not be sustained. The DNA
molecule along with all the nucleotides and other polymers could not change
radically such that a low entropy situation would emerge. To ater the DNA
congtituents from one stable state say to another representative state with a
distinct improvement cannot be done by natural means aone without additional
information. The thermodynamic laws are against such a procedure.

Dickerson hoped for a different physics when he stated [16]
“Through some gradual means, about which we can only speculate, an
association of nucleic acids as the archival material with protein as the
working catalyst evolved into the complex genetic transcription and
translation machinery that all forms of life exhibit today”

5 Conclusions

In this paper we have considered the concept of logical entropy as a parallel to
the Boltzmann probability formula for system states. We have then considered
the role of information in reducing at a fundamental level the logical entropy and
concluded that rather than regarding negative entropy as being a source of
information at the fundamental leve, it is far more self-consistent to regard the
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information defined in terms of a source from which negative logical entropy is
derived at the molecular level, and which can be quantified using Shannon
principles.

It has often been asserted that the logical entropy of an open system could
reduce through chance exchanges of that system with its environment. By
considering the Gibbs free energy connecting two possible states, it is evident
that this involves thermodynamic hurdles which demand effectively a different
physics. Self-organisation (so called) only takes place when existing information
is aready inherent in the system and not vice versa. In an open system, energy
(such as from the sun) may increase the local temperature difference (and thus
increase the potential for useful work that can be done locally), but without a
machine (that is, a device which is made or programmed to use the available
energy), there is still no possibility of the self-organisation of matter. There has
to be previously written information or order (often termed “teleonomy”) for
passive, non-living chemicals to respond and become active. Thus the following
summary statement applies to all known systems:

Energy + Information — Locally reduced entropy (Increase of order)
(or teleonomy)

with the corollary:

Matter and Energy alone 7> Decreasein Entropy

Another way of saying thisisthat for an open system, energy must be directed to
be of any use.

In this paper we have argued that for living systems, rather than regarding
negative entropy as a quantity generated within, one should regard the
information as being the cause and the logical entropy reduction being the result.
That which is dead (such as a stick or leaf from a tree) has no information or
teleonomy within it to convert the sun’s energy to useful work. Indeed it will
smply heat up and entropy will increase. However, a living plant has
information within it, such that the energy from the sun is absorbed (along with
carbon dioxide and water) by its leaves, through photosynthesis. The chlorophyll
of the leaf enables such a biochemical reaction to take place. To quote Wilder-
Smith[17, p.59],

“..raw matter within a closed system, plus a teleonomic machine, might yield
auto-organisation derived from endogenous [that which comes from within]
energy. Raw matter within an open system, plus a teleonomic machine may
yield auto-organisation derived from endogenous and/or exogenous [that
which comes from without] energy. Within both open and closed systems,
however, a mechanism (machine, teleonomy, know-how) is essential if any
auto-organisation isto result.”

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



126 Design and Nature I11: Comparing Design in Nature with Science and Engineering

References

(4
(2]

(3]

[4]

(5]
6]

[7]

(8]
[9]
[10]
[11]
[12]

[13]
[14]

[15]
[16]

[17]

Watson, J. D. and Crick, F. H. C. “Molecular structure of Nucleic Acids’,
Nature 171, 737-738 (1953).

See for example Nicolis, G. and |. Prigogine. Exploring Complexity: An
Introduction, Freeman, New York, (1989) and the useful web site where
these matters of non-equilibrium thermodynamics are discussed:
http://www.schuel ers.com/ChaosPsyche/part_1 9.htm (accessed 2006).
Shannon, C.E., “The Mathematical Theory of Communication”, The Bell
System Technical Journal, Vol. 27, pp. 379423, 623-656, July, October,
(1948).

Dawkins, R. “The Information Challenge”, pp. 107-122 (quote is from pp.
120-121), Chapter 2.3 of A Devil’s Chaplain; Selected Essays by Richard
Dawkins, Ed. Latha Menon, Phoenix, 2003.

Jackson, S.P., “Sensing and repairing DNA double strand breaks’,
Carcinogenesis, Vol. 23, No. 5, 687-696, OUP, May 2002.

de Laat W. L., Jaspers, N.G.J., and Hoeijmakers, JH.J., “Molecular
mechanism of nucleotide excision repair”, Genes and Development, Val.
13, No. 7, pp. 768-785, April, 1999.

Meyer, S.C., “The origin of biologica information and the higher
taxonomic categories’, Proceedings of the Biologica Society of
Washington, 117(2), 213-239, 2004.

Conway Morris, S., “Evolution : bringing molecules into the fold”, Cell
100, 1-11, 2000.

Klyce, B. “The second law of thermodynamics’, essay at
http://www.panspermia.org/seconlaw.htm (accessed 2006).

Nicolis G. and Prigogine, 1., Exploring complexity: An introduction, W.H.
Freeman, New Y ork, 1989.

Cambel, A. B., Applied chaos theory: A paradigm for complexity,
Academic Press, Boston: 1993.

Wicken, J.S., Evolution, Thermodynamics and Information: Extending the
Darwinian Program, Oxford University Press, 1987.

Penrose, R., The Emperor's New Mind, Oxford University Press, 1989.
Coveney, P. and Highfield, R., The Arrow of Time, Ballentine Books,
1990. p 176-177.

Gitt, W, “Information: the third fundamental quantity”, Siemens Review,
Vol 56, Part 6, pp.36-41, 1989.

Dickerson, R.E. “Chemical Evolution and the origin of life”, Scientific
American 239(9), 73, 1978.

Wilder-Smith, A.E., “The Natural Sciences know nothing of evolution”,
Master Books, San Diego, Cdlifornia 1981. See particularly chapter 4
“The Genesis of Biological Information”. Bracketed material added.

WIT Transactions on Ecology and the Environment, Vol 87, © 2006 WIT Press
www.witpress.com, |SSN 1743-3541 (on-line)



Design and Nature |11: Comparing Design in Nature with Science and Engineering 127

Biomimetics of spider silk spinning process

G.DelLuca& A.D. Rey
Department of Chemical Engineering, McGill University, Canada

Abstract

Spiders, with their ultra-optimized spinning process, are able to produce super-
fibers with remarkable mechanical properties. The precursor material isalyotropic
nematic liquid crystalline anisotropic fluid. The mechanical properties and pro-
cessability of the silk fiber are intimately connected to the structura transition
undergone by this ordered fluid through the spinning pathway. In this work we
study a complex mesoscopic structure present in the extrusion duct of spiders
spinning glands, whose stability depends on the interaction between point defects
located on the axis of the cavity. The phenomenon described isimportant in under-
standing the process-induced structuring of silk fibers and to defect physicsin a
more general context.

Keywords: spider’ssilk, liquid crystalline spinning, nematic point defects.

1 Introduction

Spidersecologically producefiberswith mechanical propertiescomparableor supe-
rior to the best man-made superfibers[1, 2]. Thereisthereforeaconsiderableinter-

est in understanding the design and processing details of the silk-precursor materi-

as. Green spinning processes as well as various exiting applications are envisaged

upon the successful mimetic of spider extrusion system and fibers[3, 4, 5].

Spider silk fibers are spun from a highly concentrated water-based solution of
elongated rod-like molecules or aggregates forming a lyotropic nematic liquid
crystal phase [6, 7, 8]. This silk precursor can flow as aliquid while maintaining
at the same time some degree of orientational order as a crystal. This orientational
order is characterized by the tendency that have neighboring rod-like entities to
align their long axis in parallel along a common direction [9, 10]. This preferred
molecular orientation usually varies from subregion to subregion in the mesophase
(i.e., intermediate phase) due to elastic effects coupled with geometrical and inter-
facial constraints[9]. The evolution of orientational order or molecular orientation
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